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31. INTRODUCTION, CONCLUSIONS AND RECOMMENDATIONS 

Forrest 0. Rathbun, Jr. 

31.0 Summary 

Consideration has been given to the problem of leakage through passages 
at the interface of a gasket-sealing surface system. Both analytically and 
experimentally, predictions have been made relating leakage rates to strength 
properties of the connector materials, sealing stresses, and surface finishes 
employed. 
through several connector systems. 
analyzed and canpared with analytic predictions, 
based on this investigation. 

Experiments have been performed measuring leaks down to 10-8 cc/sec. 
The results of these experiments have been 

Recommendations are presented 

All experiments conducted incorporated flat annular gaskets compressed 
normally between two flat sealing surfaces on which various surface finishes 
were machined or ground. The gasket materials included five metals (indium, 
lead, aluminum, copper, nickel), five plastics ("KEL-F81, "Saran," "Teflon- 
TFE," Teflon FEP," "Duroid 5600") and four rubbers ("Viton-A," Neoprene, 
"Hypalon," Silicone). 
as a function of the normal stress applied and the pressure differential across 
the seal. Results of these tests showed that large plastic deformations of 
the metal gaskets is necessary for reliable sealing. Excellent sealing was 

Leakage through these sealing systdms has been measured 

evidenced when rubbers were 
than their yield stresses. 

utilized; plastics seal under normal stresses less 
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31.1 Introduction 

If the fluid Connector problem is viewed as involving three areas of 
study,, 
two sealing surfaces, (2) the design response of the supporting structure 
which positions the sealing surfaces, and (3) the environmental conditions 
which the system will encounter, it is seen that the basic leakage phenomenon 
is that of area (1). It is also Poted that this area of study has received 
in the past less analytical and experimental consideration than the others. 
While some flange geometries and a few mechanical devices have been determined 
which will cause a gasket-flange system to respond in a certain manner under 
various environmental conditions,our knowledge to date of the interface 
phenomenon has been extremely limited, Hence the investigation described in 
this volume has been undertaken - that of both analytically and experimentally 
describing the leakage phenomenon in terms of a limited number of meaningful 
parameters. 

(1) the leakage of a fluid through passages at the interface between 

Parameters which naturally suggest themselves are the gas (or liquid) 
pressure differential 4 existing across the seal, the stress applied to 
the gasket, and the rate of leakage through the connector. Under this report, 
the leakage L is measured as a volumetric rate - atmosphere cubic centimeters 
per second. The stress referred to as a parameter is applied normally to the 
surface of a flat annular gasket and is an average value over the surface; 
hence, a nominal normal stress g is used. 

The above three parameters are,of course, inadequateto completely 
describe the phenomenon. 
the gasket ar.d the 'If langes". 
materials and the resultant conclusions for certain materials, it appears more 
basic to consider material properties as parameters rather than the sealing 
characteristics of particular materials. Thus, two material properties - 
yield strength and the strain hardening property - are referenced. Each 
material can be described in terms of these; whatever conclusions can be 
drawn for a material with a given combination of yield strength and strain 
hardenability, it is hoped can be drawn for other materials with similar 
properties. The strain hardenability can be written in terms of a Meyer 
strain hardening number n3 and the yield strength may be called Y. 
from internal pressure, stress applied to the gasket, the leakage, and the 
gasket and "flange" material properties, consideration of the leakage pheno- 
menon requires a knowledge of surface finish of the mating surfaces. 
last parameter t o  be included will be the surface finish, S.F. 

Some quantitative parameters must be used to describe 
Rather than the consideration of "compatible" 

Aside 

Hence, the 

Thus, the desired result would be a relationship such as 

L = f(Y,n,cf,Ap,S.F.) (1) 

For both analytical and experimental investigations, flat surfaces in 
contact (flat annular gaskets) have been used as a model. In this manner, it 
becomes simple to isolate the effects of other parameters being varied. 

The recommendations and conclusions which are made as a result of the 
experimental investigations are listed in subsection 31.2. 
are based on the-results of both the expgrimental investigation and the 

Such conclusions ' 

analytical work. t) 
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The following sections of this report describe all of the analytical 
and experimental aspects of the investigation undertaken in this project. 

In Section 32 is presented a description of the phenomena involved 
during the compression process between gasket and sealing surface. The 
description is based on classical theory of plasticity and is instructive for 
the interpretation of experimental results. Several separate regimes of 
material behavior are hypothesized. 

The theoretical description and analysis of the leakage phenomenon is 
contained in Section 3 3 .  Predictions as to leakage rates and heights of gaps 
remaining between compressed sealing surfaces are made - each as functions of 
the material properties and surface finish. The analysis is based on a 
statistical model of the phenomenon, and hence includes some sweeping assumptions. 
The conclusions drawn from the analysis provide a basis and direction for the 
experimental work which is outlined further in the report. 

The materials used in the experiments and their properties constitute 
the contents of Section 34.  Strength properties, strain hardenability 
properties of metals, plastics, and the rubberlike materials used are included. 
Also incorporated is a description of the temperature transitional properties 
of some gasket materials. 

All of the experimental apparatus and procedure used in the investigation 
is described in Section 3 5 .  The objectives, design concepts, techniques used 
are listed and explained. 

Since the experimental work falls into three categories, those of the 
gasket materials used (metals, plastics, rubberlike materials), the results of 
each are contained in separate subsections of Section 36 ,  
leakage rates, surface finishes used, and all of the particulars of each gasket 
material test. 

Presented are 

Section 37 is devoted to the observations made and conclusions drawn on 
all the experimental work. 
are drawn, as are comparisons with predictions as to leakage made by Fang 
(Section 221, who relates leakage with passage height for a uniform path. 
From the observations and conclusions of Section 37, are drawn the recommendations 
in Section 3 1 . 2 .  

Comparisons with the predictions of Section 33 

6 
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31.2 Conclusions and Recommendations 

Our principal findings to date in the study of the seal interface are 
briefly,summarized below. As indicated by the references in parentheses, all 
of these results are discussed in more detail in Section 37. 

31.2.1 Conclusions - General 
1. 

2. 

3, 

4. 

5 .  

6. 

7. 

The gross deformations of the flat annular gaskets obey plane 
strain criteria. (Section 37.1.1) 

If the sealing of a gasket system is caused by plastic flow of 
the materials mated, then the seal is very insensitive to 
removal of the deformation-causing stress. (Section 37.1.7) 

When gasket normal stresses are so severe as to cause gross 
sealing surface distortion, the surface asperities tend to be 
preserved. (Section 37.1.3) 

The stress on the gasket is highest at the middle of the gasket 
width and becomes less at the edge. (Section 37.1.3) 

Observations show that sealing of an annular gasket-sealing 
surface system is possible even when the asperities on the 
stronger material run in the direction of potential leakage 
flow. (Section 37.1.3) 

The model of the flow passage being flat and of a given width 
and a given height is adequate for very smooth sealing surfaces 
and soft gaskets. (Section 37.1.4) 

The concept of five regimes of metal deformation (Section 32) appears an 
adequate model for the smoother sealing surfaces. (Section 37.1.5) 

31.2.2 Conclusions - Metal Gaskets 
1. ' The best mating on the flat annular gasket-sealing surface 

system occurs at the gasket edge, the point of minimum normal 
stress. (Section 37.1.3) 

2. The plastic flow of soft metal gaskets tends to start from 
regions internally within the gasket. The surface shear 
stress tends to control the mode of plastic flow. (Section 37.1.2) 

3. Insensitivity of metal gasket seals to increases in pressure 
differential can be assured only if the gasket deformation 
producing the seal has been plastic in nature. 
standpoint, the soft gasket materials which experience gross 
plastic deformation at low stress levels appear to have better 
potential in static fluid connector design than harder metals. 
(Section 37.1.6) 

Thus, from this 

r( 

l 
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4 .  Rough sealing surfaces cause sealing to be affected by elastic 
gasket deformation, and are quite unstable during removal of 
load. (Section 37.1.7) 

5. Where metal gasket seals were found sensitive to internal pressure, 
it was possible to reduce the leakage rate by adding an increment 
of stress not more than 0.25 times the yield strength of the 
gasket material. (Section 37.1.6) 

6. For all metal gaskets used, it has been possible to attain leaks 
as low as 10-6 atm cc/sec for nominal normal stresses on annular 
gaskets equal to twice the stress level causing initial bulk flow of 
the gasket material (at a pressure differential of one atmosphere). 
(Section 37.1.5) 

7. At the center of the gasket width, mating between gasket and 
sealing surface can be effected only by applying normal stress 
many times the yield stress. (Section 37.1.3) 

31.2.3 Conclusions - Plastic Gaskets 
1. All plastic gaskets used attained a 10-6atmcc/sec seal at 

stress levels equal to 0.4 times the stress level which would 
cause bulk flow of the gasket. (Section 37.2-4) 

2. Diffusion through plastic appeared in all tests conducted at 
leakage levels of atm cc/sec. (Section 37.2.4) 

3. Plastic gaskets, even though visco-elastic in nature, retain 
mated surface geometries over long periods and can be considered 
as being in a state of plastic deformation. (Section 37.2.3) 

4 .  Plastic gaskets are insensitive to internal pressure increases. 
Mating seems very complete between surfaces. (Section 37.2.5) 

5. Because of cold flow, the problem of maintaining a plastic gasket 
in a pressurized system is present. (Section 37.2.2) 

6. Plastic gaskets appear to be nearly completely insensitive to 
removal of normal stress. (Section 37.2.6) 

31.2.4 Conclusions - Elastomeric Gaskets 
1. Elastomers (not silicone rubber) seal completely at very low 

stress levels regardless of the surface finish on the sealing 
surfaces. (Section 37.3.1) 

2. Rubber, with its great compliance, seals primarily by elastic 
deformation - not plastic deformation. (Section 37.3.3) 

3. Elastomer gaskets are insensitive to internal pressure and 
removal of load. (Section 37.3.2) 
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3 1 e 2.5 Recommendat ions 

1. Elastomeric 
possible as 
restraining 
possibility 

(rubber-like) gaskets should be used wherever 
the surface mating material. Based on pure leakage 
characteristics, the elastomers offer the best 
for zero-leakage gaskets. Hence, other criteria, 

such as temperature dependence of properties, incompatability 
to certain fluids, and wear characteristics become the limiting 
factors in their use;.. 

2 .  Plastics may be used in cases where low sealing stresses are 
available, and a certain amount of diffusion leakage can be 
tolerated. Plastics bonded to other materials in thin layers 
offer excellent prospects. 
characteristics hinder their successful use as a complete gasket. 

Their cold-flow and diffusion 

3. Where metals are used, it is recommended that the softer materials 
which will grossly deform under available stress levels be 
employed in order to insure an insensitivity to loss  of stress. 

4 .  When metal gaskets are used, geometries which promote plastic 
shear deformation between the mating surfaces are recommended. 

9 
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3 2 . 0  

32 .  GASKET COMPRESSION PHENOMENON 

by 

Forrest 0. Rathbun, Jr. 

Summary 

To understand the phenomenon of gasket compression, one can simplify 
the model for inspection to gain insight into the events taking place. 
this section, the phenomenon of  gasket compression is described in terms of 
classical elastic-plastic material behavior, While such an endeavor will not 
generally yield quantitative results extremely close to experimental observa- 
tions, it does enable one to view the experimental observations with a better 
understanding. Also presented in this section is a hypothesis concerning the 
stages of compression of a gasket and their probable effect on leakage. 
results of the experimental workare later reviewed in light of this hypothesis. 

In 

The 
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32.1 The Elastic-Plastic Compression Phenomenon 

In cases where a small piece of metal with a low yield strength and 
little potential strain hardening is compressed between two larger pieces of 
metal with high yield strengths, it is possible to assume that the larger pieces 
are rigid. 
the assumption becomes less valid. 

As the loads become very high or when strain hardening is appreciable, 

For the tests conducted in this program, the above assumption can be 
used in qualitatively explaining the phenomena which occur during a leak test. 
As an approximation, a quantitative explanation can also be given. 

For the circular flat gasket shape resting between two flat rigid bodies 
and loaded normally by them, the directions of possible metal flow are reduced 
to the radial direction only. Metal must flow inward or outward; there is 
no eireumferentfal displacement, Hence., the situation is approximately a plane 
strain case. As the gasket width is reduced or the radius increased, the 
approximation becomes better. Because of the inability of the metal to flow 
in both directions laterally under a normal load, the normal stress at which 
it yields will be higher than in a conventional compression test where no 
lateral constraints are used. 

It can be shown 'per; 1) that: 

s =.+/-I 

where S is the normal stress to produce incipient yield, Y is the yield 
strength as gained by conventional testing, and Y is Poisson's ratio. 
above is based on the von Mises yield criterion. 

The 
For metals, (Y = 0.3), 

A Tresca yield condition will give 

s - Y  (3 1 
Hence, since the experimental data for ductile metals lies between the two 
yield criteria, but closer to the von Mises, we should expect yielding to occur 
in the annular shaped specimen at about 

Besides the yielding of the gasket in bulk which should begin at a load 
described above, it must be recognized that at the interface between the surface 
of the rigid body and the surface of the gasket, asperities exist on both, and 
the area of contact between is initially small and grows with increased normal 
load. 
which the softer material experiences, one can consider the gasket to have a 
certain surface geometry and to be a plastic-rigid body; i.e., the body is 
rigid until sufficient stress is produced at a point to cause plasticity. For 
that stress level and above, the material at that point is purely plastic. 
If the surface of the purely rigid body is devoid of irregularities (approximately 

For a phenomenological explanation of the different phases of deformation 
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the diamond burnished case) then the following model can be surmised to explain 
the gasket deformation. 

Direction of 

fluid flow 

FIGURE 3 2 . 1  Model of Surface Asperities 

The wedge shape, while not being exact, is a close approximation for the 
machined gasket surface. If one such wedge is considered, it can be shown 
(as is pointed out in Section 33 of this report) that the wedge deforms as 
shown below: 

\\\\\\\\\\\ t+W++tt  ++$+++i+\\\\\\\\\ RIGID 

PLASTIC 
CONSTANT 
PRESSURE p 

FIGURE 3 2 . 2  Plastic Wedge Deformation 

The load bearing capacity of a deformation is known to be as shown in Figure 3 2 . 3 .  

s 1  
E 

0 30 60 90 

Variation of Wedge Stress With 
Wedge Angle (Ref. 1) 

FIGURE 3 2 . 3  
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Hence for large angles 8 (which are conventional on finely ground surfaces,) 

p-2.63s (4 1 

As 0 becomes close to 180°, the ratio of area over which the pressure acts 
to the total area of plastic deformation, h/D, becomes (Ref. 1) 

h/D -0.5 (5) 

Thus, it would appear that up to the load where D approaches the surface 
pitch G, (and interference between plastic regions from adjacent wedges 
occurs), we may predict the ratio h/G, the ratio of contact area to apparent 
area. The average normal stress acting the bulk of the gasket will be 
(h/G).p. Since p is a constant for a given angle 8 ,  then h will be linearly 
increasing with the total load F per unit thickness, 

and the increase in area of contact (h/G) will be linear with the mean normal 
stress Q. 

Q = F/G = hp/G (7) 

At the point where h/D tends to h/G, then the average normal stress Q becomes 

Q = 1.315s (8) 

for large angles 8 .  Since this average stress would produce incipient bulk 
yielding, the phenomenon can be explained by this model only to the point 
where, from Ref. 1, 

h/Gd.4 (9 1 

However, from the above, the earlier stages of mating are shown to produce a 
linearly increasing area of contact with increasing load. For the real case, 
this explanation is affected by the asperity shape being other than purely 
wedge shaped, the rigid surface having asperities, and the plastic material 
having an amount of strain hardening. We can, however, isolate a range of 
nominal normal stress in which 

a) only surface plastic deformation is produced, not bulk plastic 
deformation, and 

b) the increase in area with increasing stress is roughly linear. 

1 3 
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32.2 Characterizing Regimes of Deformation 

For purposes of discussing the leakage results, and in line with the 
above, five separate regimes of deformation are hypothesized during a given 
test. 

Regime I - initial mating during which the extremely high asperities 
on the gasket which rise above the average height are plastically 
deformed under low average nominal stress. During this regime, little 
overall increase in contact area and little decrease in leakage should 
be noted. 

Regime I1 - the deformation of the asperities only on the gasket - in 
line with the wedge analysis above. A rapid increase in contact area 
with nominal increases in normal stress is experienced. 
be expected to decrease faster. This regime is only a good visualization 
when the rigid surface is very smooth. The terminal nominal stress 
for thZs regime would certainly be at a value equal to or less than S. 

Leakage should 

Regime I11 - Plastic flow of the asperities continues as a slower rate 
due the interference between the "pile-up" of plastic material. 
gasket begins to flow in bulk. 
of deformation. 

The 
Strain hardening complicates both areas 

Regime IV - the gasket flows in bulk, increasing the area by shearing 
along the surface and by physically increasing the apparent area of 
contact. The amount of bulk flow is dictated to a large degree by the 
normal stress and the strain hardenability of the gasket material. 

Regime V - the normal stress begins to cause bulk flow of the heretofore 
described rigid surfaces, i .e., the "flanges" deform grossly. This 
phase is to be avoided in order for the connection to be reusable. The 
original asperities on the "flange" do not suffer great deformations 
prior to this and even during this phase due to the containment of the 
asperities by the gasket material mated with them. 

Under the above hypothesis, the experimental tests can be grouped as 
follows. 

TABLE 32.1 Regimes of Gasket Mating 

Indium 

Lead 

Aluminum 

Copper 

Nickel 

Plastics 

32- 5 
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It is to be noted that for indium,lead,and plastics, the test obviously 
includes the early regimes; however, no measurements of leakage can be taken 
at that time,since the minimum load which can be applied puts the material 
into a higher regime. 

The rubber-like gasket tests defy such description due to the dominance 
of the elastic deformation. 

3 2 . 3  References 

1. R. Hill, The Mathematical Theory of Plasticity, Oxford 
University Press, 1956. 
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33.  STATISTICAL ANALYSIS OF INTERFACE EFFECTS 

by 

T. P. Goodman 

33 .0  Summary 

The effect of surface finish, surface yield strength, and compressive 
stress on the leak-tightness of a fluid connector can be studied by a 
statistical analysis of the flow passages. This analysis, while based on 
many simplifying assumptions, nevertheless illustrates the advantages of 
using smooth surfaces, low-yield-strength gasket materials, and high com- 
pressive stresses to achieve a leak-tight connection. 

The analysis shows how the ability of a sealing surface to reduce 
flow by plastic deformation is affected by the strain-hardening properties 
of the seal material, As expected, materials having only a small amount of 
strain hardening can seal with lower pressures than those with a greater 
amount of strain hardening. 
without strain hardening, a substantial plastic flow of at least one of the 
surface materials is necessary for effective sealing. 

However,the analysis still shows that with or 

For surfaces having curved or wavy profiles in the direction of flow, 
the analysis shows that the sealing may be even more effective than for flat 
surfaces. This suggests that to insure good performance of a connector, it 
may be more important to control and inspect the surface-finish profile 
across the direction of flow than & the direction of flow. 

Elastic deformations of sealing surfaces interact with plastic defor- 
mations in a complex way. 
deformations are on the safe side for design, in that they predict less 
intimate surface contact, and hence greater leakage, than if elastic defor- 
mations were included i n  the ana lys i s .  

The results obtained by neglecting elastic 

I 6  
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33.1 I n t r o d u c t i o n  

While t h e  s u r f a c e  f i n i s h  of a machine p a r t  can be g r e a t l y  improved 
by machining ope ra t ions  such as g r ind ing ,  lapping,  and burnishing,  t h e  
s u r f a c e  a s p e r i t i e s  can never be completely removed. When the  s u r f a c e  f i n i s h  
of a p a r t  i s  recorded on a p r o f i l e  r eco rde r ,  t h e  a s p e r i t i e s  a p p e a r  as 
" h i l l s "  and "va l l eys . "  When two p a r t s  a r e  p re s sed  t o g e t h e r  i n  a f l u i d  con- 
n e c t o r ,  t h e  compressive load between the  p a r t s  i s  taken by t h e  " h i l l s "  as 
they come t o g e t h e r ,  while  t h e  "val leys"  provide passages through which t h e  
f l u i d  can leak. I n  o rde r  t o  e s t i m a t e  the  e f f e c t i v e  flow passage, t h e  
fol lowing s t eps  a r e  necessary:  

1. The d i s t r i b u t i o n  of s u r f a c e  a s p e r i t i e s  must be found (Sec t ion  
3 3 . 2 ) .  

2. The r e l a t i o n  between t h e  deformation of t h e  s u r f a c e s  and t h e  
r e s u l t i n g  f lu id - f low a r e a ,  as the  s u r f a c e s  a r e  p re s sed  t o g e t h e r ,  
must be c a l c u l a t e d  (Sec t ion  33.3) .  

3. The load necessary t o  produce t h i s  deformation must be determined 
(Sec t ion  33.4) .  

With the  p r e s e n t  s t a t e  of knowledge i n  a l l  of t h e s e  a r e a s ,  some 
r a t h e r  sweeping assumptions must be made i n  o rde r  t o  o b t a i n  numerical 
answers. The numerical  r e s u l t s  must, t h e r e f o r e ,  be i n t e r p r e t e d  as order-of-  
magnitude e s t i m a t e s .  S t i l l ,  t h e  conceptual  model which they provide should 
be h e l p f u l  i n  i n t e r p r e t i n g  t h e  requirements of minimum-leakage connector 
designs.  
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3 3 . 2  Distribution of Surface Asperities 

While there has been considerable interest during recent years 
(Ref. 1) in the rms surface finish of machine parts, there has been little 
published information on the statistical distribution of asperities. 
However, it is well known that a Gaussian distribution (Ref. 2) approximates 
many random physical phenomena, and Abbott and Firestone (Ref. 3 )  published 
some data on ground and lapped surfaces that can be matched by a Gaussian 
distribution, as shown in Table 33.1. 

It will be noted that the ground surface is quite closely matched by 
a Gaussian distribution of surface heights between the 2% and 98% frequency 
levels. The long "tails" of the Gaussian distribution, which assert that 
there is a small but finite probability of having very high peaks and very 
deep valleys, are obviously unrealistic; however, values beyond the "three- 
sigma limit" (Ref. 2) are so improbable in a Gaussian distribution that 
their effect on the results given laer in this section is probably negli- 
gible. 

TABLE 3 3 . 1  Distribution of Surface Asperities 

Measured Values (Ref. 3 )  Calculated Values 
Ground Lapped Johansson for Gaussian dis- 
Surface Surface Block tribution with 1 2 . 6  

(microin. ) (microin) (microin) microin. rms surface 

Peak roughness (Distance) 
from plane with 2% of 
surface area above it to 
plane with 25% of surface 
area above it) 
Media 1 roughness (Distance 
from plane with 25% of sur- 
face area above it to plane 
with 75% of surface area 
above it) 

Valley roughness (Distance 
from plane with 75% of sur- 
face area above it to plane 
with 98% of surface area 
above it) 

finish (mircoin.) 

22 4 1 1 7 . 4  

17 

2 0  

7 

20 

3 

1 

17.0 

17.4 

For the lapped surface, Table 3 3 . 1  indicates that the peaks have been 
largely removed, but that the valleys are still as deep as in a ground sur- 
face. Thus, for studying the flow through the valleys, the Gaussian model 
is still appropriate. 

For a mirror-finish surface such as a Johansson block, the Gaussian 
distribution is no longer accurate; however, such a smooth finish may be 
impractical from a cost standpoint for fluid connectors. In addition, a 
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s i n g l e  s c r a t c h  could negate  the  e f f e c t  of t h e  mi r ro r  f i n i s h  as f a r  as leak- 
age i s  concerned. 

The roughness numbers of Table 3 3 . 1  do not  t e l l  us how f a r  apar t  t h e  
peaks and v a l l e y s  a r e .  Some idea  of t h i s  can be ob ta ined  by looking a t  
s u r f a c e  p r o f i l e  recordings (Ref.  3 ) .  I n  examining t h e  r eco rd ings ,  i t  must 
be kept i n  mind t h a t  t he  v e r t i c a l  s c a l e  i s  u s u a l l y  made l a r g e r  than t h e  
h o r i z o n t a l  s c a l e ,  so t h a t  t he  peaks and v a l l e y s  look much s t e e p e r  than they 
r e a l l y  a r e .  I f  t he  two s c a l e s  a r e  made equal ,  t h e  s lopes  appea r  much 
g e n t l e r ,  and i t  appears  reasonable  t o  r e p r e s e n t  t h e  peaks by cones having a 
v e r t e x  ang le  between 170' and 180'. Also, i t  appears reasonable ,  i n  study- 
ing  flow through v a l l e y s ,  t o  s ay  t h a t  t h e  v a l l e y  c r o s s - s e c t i o n  changes only 
slowly, so t h a t  t h e  flow through a v a l l e y  i s  l i k e  t h e  flow through a wide, 
shallow channel - t h a t  i s ,  t he  s i d e s  of t h e  v a l l e y  have n e g l i g i b l e  e f f e c t  
i n  r e t a r d i n g  t h e  flow. 

33- 4 



33.3 Relation Between Deformation and Flow Area 

I 

As two surfaces, each having surface asperities, are pressed together, 
the hills deform and the valleys are brought closer together. To determine 
how the compressive load affectsithe flow, we must study the deformation of 
the surfaces. 

I 

To relate the contact area to the cross-section area of the flow 
passage, some assumptions must first be made as to how the asperities are 
distributed in the direction of flow and in the direction perpendicular to 
flow. To visualize this situation, we may refer to the example used in 
Section 22, 

Flow 

14 
FIG. 33.1 Plan View of Developed Contact Area 

with a flow passage having a perimeter w = 5 inches and a length R = 0.1 
inch. We shall make the following assumptions about the distribution of 
asperities for the rectangular area of either of the two mating surfaces: 

1. A surface-finish profile for any cross section perpendicular to 
the direction of flow has the same statistical properties. 

2. The surface-finish profile changes slowly in the direction of 
flow; thus, the effects of meandering flow are negligible. 

These assumptions are reasonable for surfaces finished by a non-directional 
grinding process, but they would not be valid for machine-finished surfaces 
in which the machine marks are predominantly in one direction. Surfaces o f  
the latter type require a separate analytical treatment. 

As the two surfaces are pressed together, an assumption must also be 
made about what happens to the material from the peaks of the two surfaces. 
Does it simply disappear, does it spread itself out uniformly over the two 
surfaces, or does it pile up between the peaks of the two surfaces? These 
three alternative assumptions will be designated as Assumption Al, Assumption 
A2, and Assumption B, respectively. They are illustrated by Fig. 33.2. 

(c) Assumption A2: (d) Assumption B: 
compression Displaced material Displaced Displaced 

disappears material spreads materia 1 
uniformly over piles up 
surfaces between peaks. 

FLG.  33 .2  Mutual Compression of Two Cones 
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For the relationship between contact area and flow area, Assumptions A1 and 
A2 give the same result; in the remainder of this section, when it is not 
necessary to distinguish between them, they will be designated together as 
Assumption A. 

theory, is intermediate between Assumptions A and B. Fig. 3 3 . 3  shows the 
effect (Ref, 4 )  of compressing a wedge against a rigid plane, assuming fully 
developed plastic stress. 

As might be expected, the actual situation, as derived from plasticity 

When the wedge angle is small, the situation is more 

1 0 4  

f i a )  Wedge angle 17 0 (b) Wedge ang 1 e 

26.60 67.6' 

FIG. 3 3 . 3  Compression of Wedge Against Rigid Plane 
(Results from plasticity theory, Ref. 7) 

like Assumption A. For our problem, therefore, Assumption A is more realis- 
tic. Also, Assumption A is much simpler to deal with analytically. It has 
been used for the calculations in the remainder of this section. 

Assumptions A2 and B imply fully plastic flow at the asperities with 
no deformation of the supporting substructure of the mating parts. With 
plastic and/or elastic deformation of the substructure, some of the dis- 
placed material may, in effect, disappear, as in Assumption Al. 

Proceeding under Assumption A, the relation between contact area and 
flow area can now be calculated. In a cross section perpendicular to the 
direction of flow, the two surfaces are shown schematically in Fig. 3 3 . 4 .  

vIean level of 
U p p e r s u r f a C e  

L level of 
W \ lower surface 

FIG. 33.4  Schematic of Flow Cross Section 
i 

22 
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A s  illustrated in Fig. 33,4, let 

s = mean separation between the two surfaces = distance between 
mean level of upper surface and mean level of lower surface 

hl = height of lower surface above its mean level 

h2 = height of upper surface above its mean level 

2 - hl h = height (clearance) of flow passage = s + h 
h = rms variation of h about its mean value. r 

It is evident that the mean value of h is s. If h and h are Gaussian 
random variables, then h will also be a Gaussian random variable, and its 
rms variation h will be the square root of the sum of the squares o f  the 
rms variations of h and h (Ref. 2). Thus, if each of the two surfaces 
has a 10-micro-inch rms finish, h 
was used in the example calculations that follow. 

1 2 

r 
1 2 = l o p =  14.3 micro-inches. This value r 

The Gaussian probability density function p(h) is shown in Fig. 33.5. 
The distribution is truncated at h = 0, since there can be no such thing as 

FIGURE 3 3 . 5  Probability Density of Flow Clearance h 

a negative clearance. However, the area under the curve to the left of 
h = 0 is the contact area ratio A /A.  Since viscous flow through a passage 
is proportional to the cube of the clearance, the effective clearance, h , 
which is the equivalent clearance of a uniform passage having the same ffow 
rate, is found by taking the cube root of the weighted integral of the cube 
of the clearance h for all the flow passages. 

r 

The statements made in the preceding paragraph can be collected in the 
equations given below. To simplify the writing of these equations, the 
exponential function e is written as "exp x", while the notation "erf x" is 
used for the Gaussian error function 

X 



With t h i s  n o t a t i o n ,  

P(h) = ( l / h  r G) exp / - ( h - ~ ) ~ / 2 h ,  ‘1 
L J 

0 
A r /A = L p ( h ) d h  

= ( 1 / 2 )  1 - e r f  ( s / n  h r )] 

= (4’ p(h) dh h e 

r 

’0 
2 

= (s /2 )  (s  + 3hr2) 1 + e r f  ( s / G  h ) 

2 2 2 + ( h  /*) (s2 + 2hr ) exp (-s /2hr ) r 

I f  t h e  flow i s  molecular r a t h e r  than v i scous  (Sec.  2 1 ) ,  then the  flow 
ra te  i s  p r o p o r t i o n a l  t o  t h e  square of t h e  c l e a r a n c e ,  so  t h a t  t h e  e f f e c t i v e  
c l e a r a n c e  would be found by t ak ing  t h e  square r o o t  of t h e  weighted i n t e g r a l  
of t he  square of t h e  c l ea rance  h f o r  a l l  t he  flow passages.  Thus, f o r  
molecular flow, Equation ( 3 )  would have a d i f f e r e n t  form, but t he  order-of-  
magnitude conc lus ions  of t h i s  s e c t i o n  would no t  be a l t e r e d .  

2 3 
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33.4 Relation Between Load and Deformation 

Having found the relationship between deformation and fluid-flow area 
under the assumption of plastic flow of the metal at the mating asperities, 
we must now determine the relation between the deformation and the compress- 
ive load required to produce it. 

The deformation of surface asperities under load has been of inter- 
est in studies of friction between solids (Refs. 4-7). The mechanism of 
friction is now generally understood to consist in the welding together of 
surface asperities by normal compressive force and the breaking of this 
force by a shearing load. As normal force is applied to two surfaces in 
contact, the real area of contact is found to increase linearly with normal 
force. Electrical resistance measurements and microscopic examination of 
surfaces have shown that the real area of contact, A,, is a surprisingly small 
fraction of the total area, A, of the two surfaces. The increase of A, 
with normal load, N, cannot continue to be linear as N imreases indefinitely, 
since even with an infinite load, A, cannot exceed A. 

* The ratio N/Ar is the compressive stress u on the asperities. The 
value of u* at the beginning of compression may be denoted by U*. 
as seems reasonable, that a fully plastic state of stress is developed at 
the real area of contact, the plastic stress for a cone deformed by contact 
with a rigid plane approaches 3Y as the cone angle approaches 180°, accord- 
ing to plasticity theory. 
Thus we may take uz = 3Y, using Y as the lower of the two yield stresses 
when the two materials in contact have different yield stresses. Bowden 
and Tabor (Ref. 5 ) ,  in their experiments with mild steel on mild steel, found 
that LI* is about lo4 kg/crn2, or about 143,000 psi. Finnie and Shaw 
(Ref. 6),in their experiments with 1020 steel on 18-4-1 HSS tool material, 
found that a2 = 318,000 psi. In the example calculations of this Section, 
we have rounded off Finnie and Shaw's value to 300,000 psi. 
should be kept in mind that much lower values are possible with softer 
materials - particularly with plastics which may be used in gaskets. 

Assuming, 

Here Y is the yield stress of the material. 

However, it 

When cones projecting from two plane surfaces approach each other, 

Otherwise, the real 
the real area of contact will be parallel to the surfaces only if the tips 
of the cones from the two surfaces match up exactly. 
area of contact will be oblique to the surfaces. However, for cone angles 
between 170° and 180°, the difference between the real area of contact and 
the projected real area of contact will be negligible for our purposes. 
Hence, in this Section, we assume that these two areas are equal. 

As the two surfaces are compressed together, the value of a* is 
affected both by strain.hardening and by the mutual interaction of asperi- 
ties. These effects are both difficult to include in the calculations in 
a rigorous way, but the actual situation can be bracketed by two extreme 
casds, both of which are illustrated by Figs. 33.6 and 33.7. First, we may 
assume that bo remains constant until A, = A; this is tantamount to assuming 

hardening and - no mutual interaction of asperities. Second, 
Ref. 6 ,  we mayassume an exponential function for the relation 
and A,, Then, as N increases indefinitely, the area-vs.-load 

33- 9 

no strain 
f ol lowing 
between N 

- 



curve, Fig. 3 3 . 6 ,  becomes asymptotic to a horizontal -line with A = A. r 

Ar .f O * t  
zero strsiri 

--- 

- zero scrair, hardening 

= N  F N  
FIG. 3 3 . 5  Relation of Real Area FIG. 3 3 . 7  Relation*of Compressive 

of Contact A, to Normal Stress to Normal 
Load N (Ref. 6) Load N (Ref, 6)  

The decreasing slope of this curve with increasing load represents a 
strain-hardening effect that can also be illustrated by the curve of stress 
vs. load shown in Fig. 3 3 . 7 .  Experimental verification has been obtained 
for the curves of Fig.s. 3 3 . 6  and 3 3 . 7  (Ref. 6) up to an Ar/A ratio of 
about 0.6 .  Using the symbol "exp x" for the exponential function e , the 
equations represented by the curves given in Ref. 6 are: 

X 

Ar/A = 1-exp (N/Aa *) 
0 

* N  N 
(J = -  = 

A 1-exp (N/Au *) r 0 
A 

A s  A /A approaches 1, the exponential assumption implies that N be- 
comes infinite, and this leads to a very pessimistic conclusion about the 
load required to achieve "zero leakage." On the other hand, the assumption 
of constant a* leads to a more optimistic conclusion. To provide a family 
of curves between these two extremes, we may consider the strain-hardening 
phenomenon in more detail. 

r 

A review of the literature of  strain-hardening (Ref. 8) indicates 
that for some materials the yield stress increases substantially with plas- 
tic deformation, while for other materials the yield stress is essentially 
independent of plastic deformation. For annealed metal specimens, the 
yield stress generally increases with deformation, but for cold-worked 
specimens, the initial yield stress is higher than for annealed specimens 
of the same material, but shows little further increase as a result of 
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additional plastic deformation. 
stress may be represented approximately by 

The effect of strain hardening on yield 

m Y = bc 

where 
Y = yield stress, psi 

b = a constant 

E = true unit strain (elongation/instantaneous gage 
length, not elongation/original gage length) 

m = strain-hardening coefficient 

The exponent m and the constant b may be chosen to match an experi- 
mental stress-strain curve. Typical values of m for metals would be in 
the range 0.1 to 0.3; a purely plastic stress-strain relation,with no strain- 
hardening, would be indicated by m = 0 ,  while a purely elastic stress-strain 
relation would correspond to m = 1. 
strain-hardening coefficient n (Ref, 8; see also Section 32. of this report) 
by the approximate relationship n = m + 2 .  
urged caution in applying the exponential relationship of E q .  ( 4 )  to plastic- 
stress problems, it still gives results that are closer to reality than 
either a purely plastic (m = 0 )  or purely elastic (m=l) analysis. (Refs. 9,lO). 

The exponent m is related to the Meyer 

While other investigators have 

To illustrate the effect of the amount of strain hardening on the 
sealing ability of a fluid connector, Fig. 3 3 . 6  has been re-plotted for a 
range of strain-hardening relationships. 
rough surfaces, it is not possible to determine the actual amount of strain 
E ,  so some modification of Eq. ( 4 )  is necessary. A convenient measure of 
the amount of strain or work-hardening that has taken place at any point on 
the surfaces as they are compressed is the "negative clearance," -h, at 
each point where the surfaces have been pushed together (Fig. 33.5). 
the stress u at any point on the surface is given by 

In the mutual compression of two 

Then 

ci = b ( - h)m, h<O (5) 

Obviously the stress is zero when h>,O, since a positive value of h at 
any point indicates that the surfaces have not yet come together at that 
point. 

The values of b and m in E q .  (5) are not necessarily the same as those 
in Eq. ( 4 ) ;  however, it is to be expected that for a series of materials 
with different amounts of strain-hardening, the relative ranking of values 
of m from the compression tests represented by E q .  ( 4 )  would correspond to 
the relative ranking of values of m for the surface interactions represented 
by E q .  (5). 
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Now,  for any given separation s between the mean heights of the two 
surfaces, the total sealing force N may be obtained by integrating the 
stress u over the area of real contact A . Referring to Eqs. (1 )  and (2), r 

r where h = h/ -@ h 
0 

s 0 =s/$h r 

c = b (flhr)m/~F = constant for a given m m 

The integral of Eq. ( 6 )  was evaluated numerically, using the General 
Electric 225 digital computer, for a range of values of s and with m equal 
to 0.1, 0.2, 0 . 3 ,  and 0 .4 .  The results were used to plot'the curves of A 
vs. N shown in Fig. 3 3 , 8 .  For these plots, the constant c was evaluated 
for each value of m from the condition that N/A = 3Y 
tions, in agreement with experimental results reporte8 in the literature 
(Refs. 5, 8). Y is the yield stress in the absence of strain-hardening. 

r 
forminitial deforma- r 

0 

It must be noted that there is a logical inconsistency in defining 
Y as "the yield stress in the absence of strain-hardening" when Eqs. ( 4 )  
and (5) assert that the yield stress in the absence of strain-hardening 
should be zero. Actually, E q s .  ( 4 )  and (5) are approximations that donot 
apply all the way down to zero strain but which begin to become valid when 
a small amount of strain has taken place. The relation N/A = 3Y was ob- 
tained experimentally (Refs. 5, 8) for materials with a well-defiged yield 
point; for materials such as plastics that have no clearly defined yield 
stress, further experiments are needed to determine the initial relation- 
ship between N and A . 

0 

r 
For comparison, the curve of Finnie and Shaw (Ref. 6 )  and the curve 

for zero strain-hardening are also shown in Fig. 3 3 . 8 .  Finnie and Shawls 
curve was intended as an approximation to an experimental curve for values 
of A /A up to about 0 , 6 ,  and it will be noted that for this range, their 
curve is a reasonable approximation to our calculated curves based on Eq. 
( 6 ) ,  especially for m-values of 0 . 3  and 0 . 4 .  However, for the values of 
Ar/A near 1.0, which were not of interest to Finnie and Shaw but are of 
crucial interest to our present investigation, the Finnie-Shaw curve gives 
quite pessimistic results about the load necessary for tight sealing. 

r 
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The curves including the effect of strain-hardening, but neglecting 
the mutual interaction of asperities, indicate that essentially "perfect" 
sealing can be obtained with nominal stresses somewhat greater than 3Y0, 
as summarized in the table below: 

Stain-hardening 
coefficient m 

0 
0.1 
0 . 2  
0 . 3  
0.4 

Sealing force for 
"perfect" sealing 

3 . 0  YoA 
3 . 9  YoA 
4.8 YoA 
6 . 0  YoA 
7 . 5  YoA 

29 
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33.5 Relation of Load to Flow Passage 

The equations of Sections 33.3 and 33.4 can now be combined to give 
the relation between load and equivalent flow passage based on viscous flow 
and Assumption A. The results of this calculation are plotted in Fig. 33.9. 
Then the flow can be computed as in Section 22. This computation has been 
carried out for the flow passage used in Sec. 22, using an internal pressure 
of 100 atmospheres, and the result is plotted logarithmically in Fig. 33.10. 
The abscissa scale is given both in terms of the unit load for steel on 
steel and in terms of the yield stress, Y, of the material. This latter 
scale can be used for other materials, using the assumption that the plastic 
stress is 3Y over the real area of contact. The ordinate scale can be con- 
verted to flow rates for other surface finishes by observing that when all 
other conditions are equal, the flow rate is proportional to the cube of 
the rms surface roughness. When the roughnesses of the two surfaces are 
unequal, the flow rate is proportional to the 3/2 power (ioe., to the cube 
of the square root) of the sum of the squares of the rms roughnesses of the 
two surfaces. Thus, the rougher of the two surfaces has greater influence 
on leakage than the smoother surface. 

In the design of connectors, the question arises whether it is desirr 
able to reduce the length of the flow passage for the sake of increasing 
the normal sealing stress, using a given total normal force. This question 
can be answered from Fig. 33.10. In this example, if the normal force were 
150,000 lb., a reduction in the length, a ,  of the flow passage from 0.1 in. 
to 0.05 in. wouldhalve the apparent contact area and hence increase the 
sealing stress from 300,000 psi to 600,000 psi. For a given sealing stress, 
the flow is inversely proportional to the passage length; therefore, for a 
given total load, a decrease in length increases the flow when the slope of 
the flow-vs.-stress curve is greater than -1, and reduces the flow when 
the slope of the flow-vs.-stress curve is less than -1. Referring to Fig. 
33.10, it can be seen that for all values of the strain-hardening coefficient 
my the slope is greater (algebraically) than -1 for stresses less than about 
0.8Y, and less (algebraically) than -1 for stresses above this value. 
Hence, it is advantageous to reduce the length of the flow passage provided 
that the stress level is already above 0.8Y. 

It should be remembered that the stresses used for the abscissas of 
Figs. 33.9 and 33.10 are nominal stresses obtained by dividing the total 
load N by the apparent area of contact A .  - real area of contact is N/Ar. 

The assumed actual stress on the 

It must be reiterated that this conceptual model of flow is based on 
many sweeping generalizations and fraught with many uncertainties. Never- 
theless it should prove useful in understanding the problem and in suggest- 
ing further analytical and experimental work. 
results of this analysis and the experimental results is given in Section 
37.1.8. 

A comparison between the 

39 
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3 3 . 6  Effect of Surface Waviness 

In addition t o  the smaller asperities that are called "roughness", 
a machined surface can have larger peaks and valleys known as "waviness" 
(Ref. 1). The direction parallel to the ridges and valleys of the waviness 
is called the "lay" direction (Ref. 1). When the lay direction of the 
flange surfaces is normal to the direction of flow, waviness may have a 
beneficial effect in reducing leakage by reducing the effective flow-passage 
length, as discussed at the end of Section 33.5. However, when the lay 
direction is parallel to the direction of flow, the effect of waviness on 
leakage can be catastrophic. For this reason, specifications for flange 
connectors often stipulate that the lay of machining marks should be cir- 
cumferential rather than radial. 

The flow analysis of the preceding sections does not apply directly 
to surfaces having appreciable waviness. However, the analysis can be ex- 
tended to include the effect of waviness by treating each crest of the 
waviness as a separate area of apparent contact. 

3 3 
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3 4 .  MECHANICAL PROPERTIES OF FLANGE.AND --I- 

GASKET MATERIALS 

by 

F.O. Rathbun, Jr., G.W. Sarney, and J . E .  McConnelee 

3 4 . 0  Summary 

One of the important areas of study in the gasket leakage investigation 
is that of gathering information on the pertinent properties of  the materials 
used in the system, a s  both gaskets and the sealing surfaces on which the 
gaskets rest. 
leakage investigation rather than investigating different combinations of 
materials separately, it is necessary to establish quite accurately the 
properties of the materials used experimentally. Many characteristics of 
materials play important roles in the leakage phenomenon - creep under high 
temperature, relaxation under continued loading, the outgassing of some of the 
materials, the susceptibility of materials to the diffusion of gases through 
them, the temperature dependence of all properties, the strain hardenability, 
and the sttitic strength properties such as the yield strength and the modulus 
of elasticity. 

In order to use material characteristics as parameters in the 

In the experimental and analytical work performed, however, changes of 
properties with temperature and time are not considered as such; but rather 
the assumption is made that when properties do change with temperature or 
time, then the system response can be determined by the new properties at that 
time or temperature. Since tests at room temperature are made for various 
static strength properties, it is assumed that this information can be 
extrapolated to other temperatures. 

One time consideration does enter the investigation, however, that of 
short-time cold flow of some plastic gasket materials. 

This section deals primarily with the static strength properties of the 
materials under investigation. The sealing surface materials (347 Stainless 
Steel and 2024(24S)T4 Aluminum) have been chosen because of the vast utilization 
of these materials as fuel containers in missile applications. 

The gasket materials, which are listed in Section 3&.2,were determined 
on the basis of several factors. Three categories of materials were selected - 
metal gaskets, plastic gaskets, and rubber-like gaskets. The metals were 
selected on the basis of  securing a large range of yield stress. 
were included which have proved at least partially successful in gasket 
applications. The plastics and rubber-like materials selected have, for the 
most part, been used in connectors prior to this investigation, and span the 
characteristics for these categories quite well. 

Materials 



34.1 Sealing-Surface Materials 

Two materials have been selected for use as sealing surfaces (flange 
materials). 
G . C .  Marshall Space Flight Center. 
been selected: 

Both are currently in use in connector test facilities at the 
A stainless steel and an aluminum have 

(1) 347 stainless steel 
(2) 2024(24S)T4 aluminum 

The steel used is a tough, difficult-to-machine material with an ASlM listed 
yield strength of from 35,000 to 40,000 psi. 
yield strength of 47,000 psi. 
yield strength of the specimens used in leakage tests, room-temperature tensile 
tests have been accomplished on one-half-inch-diameter specimens of each 
material. Normal room-temperature ASTM testing procedure was utilized. The 
resulting stress-strain curves are shown in Figure 34.1. 
the aluminum has the higher yield strength. 
evaluated for each material - the 0.2% yield strength and the 0.02% yield 
strength. 
Table 34.1 lists the resultant strength properties. 

The aluminum has an ASTM listed 
To insure a precise knowledge of the actual 

It will be noted that 
Two standard yield strengths are 

The tensile strength was also evaluated in the same experiment. 

TABLE 34.1 SEALING SURFACE MATERIALS 

0.82% Yield 0.2% Yield Tensile 
Materia 1 Strength Strength Strength 

347 S.S. 30,750 psi 39,125 psi 85,000 psi 

aluminum 50,000 psi 51,750 psi 69,000 psi 
2024 (24s) T4 

Also of interest, and hence evaluated for the sealing surface metals (and 
metal gasket materials), is the Meyer strain-hardening index n. 

The parameter nis an empirical quantity initially used in the equation 

W = kdn (1) 
where d is the diameter of a hole made by a fixed-radius ball indenter under 
a load W. This relationship was first observed by Meyer (1908). (Ref. 1) 

Subsequent work showed that n is almost independent of the ball indenter 
diameter. Experiments show equation (1) to be quite valid for many metals within 
a certain range of d/D (D being the ball indenter diameter). 
of d/D was fixed by Meyer to be about 0.1, and the upper limit is near 1.0 for 
many metals. 
with fully annealed metals having values near 2.5 and fully worked metals near 
2.0. 

The lower limit 

Most metals are known to have values of n between 2.0 and 2.5, 

The value of n can be measured by successive Brinell hardness tests on 
the same metal with the same ball indenter. 
applied. 'From equation (I), we can write 

Discrete increases in load are 
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h(W) = (n)ln(d) + ln(k) ( 2 )  

Thus, by plotting W and d on log-log paper for successive values of W, 
the slope of the resulting line will be equal to n. 

For values of d outside the applicable limits, the resulting plot 
cannot be approximated by a straight line. 

For 347 stainless steel, the resultant value of n is 2.35. For 
2024(248)T4 aluminum, the experimentally found value is 2.27. This value of 
n finds utilization in section 3 3 ,  where strain hardening is a factor in the 
analytic leakage predictions. 
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34.2 Gasket Materials 

34.2.1 Metal Gaskets 

All gasket metals utilized are much weaker than the materials used for 
sealing surfaces. Five metals have been used: 

1. Indium 99.97% pure 
2. Lead 99.90+% pure, ASTM B29.55 
3. Aluminum 99,6+% pure, 1060-0 Temper. ASTM209- 61 
4. Copper 99.9+% pure, federal specification QQ-C-576 
5. Nickel 99.4% pure, ASTM B160-58T 

Material for gaskets was procured in flat stock. 
for these metals havebeen gained from specimens cut from flat stock, Since 
the gaskets cut from the stock are loaded normal to the plane of the stock, 
the possibility of the yield strength being different for the application and 
the test exists, 

Hence, yield strength data 

Anisotropy of strength of flat rolled stock is possible. 

However, tensile test data are indicative of relative strength. Experi- 
mental results of tensile data ashown in Table 34.2. 

TABLE 34.2 GASKET METAL STRENGTHS 
0.02% Yield 0.2% Yield Tensile 

Metal Stress Stress Strength 

Indium 41 psi 82 psi 202 psi 
Lead 1040 psi 1425 psi 2000 psi 
Aluminum 3388 psi 4400 psi . 10000 psi 
Copper 6140 psi 7770 psi 29100 psi 
Nicke 1 10200 psi 13230 psi 45300 psi 

The tensile testsfor indium and lead were done as prescribed in ASTM 
Standard 1961, Part 3, ASTM Designation E21-58T (tensile tests for metals at 
high temperatures). Since at room temperature, indium and lead creep, a 
prescribed rate of strain was employed consistent with rates for other metals 
tested within their creep ranges. 

The stress-strain curves attained from the above mentioned tensile tests 
are presented in Figurs34.2 and 34.3. 

The approximate yield strengths of the actual gasket materials used can 
be obtained also by inspection of the load-deflection curve associated with 
the leakage experiment. Since three linear differential transformers are 
used around the periphery of the gasket to monitor the uniformity of gasket 
compression, it is possible to ascertain the location of the yield point of 
the gasket material loaded normal to the plane of the gasket. Hence, any 
effects of anisotropy of the gasket material will not be seen. Since the 
tensile tests conducted on specimens cut in the plane of the gasket give the 
yield stress in that direction, but offer no guarantee that the characteristics 
are the same for the material used as a gasket, the evaluation of a yield 
strength during the actual leakage test provides a check on the tensile test 
value and becomes a more meaningful parameter for study. 
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Because of the gasket height-to-area ratio, the specimen shape is not 
Friction plays an unusually high role in the ideal for compression testing. 

compression phenomenon. Also, as has been mentioned in Section 32,  the 
compression of a flat annular gasket approximates the plane strain problem; 
i.e., the material flow will be radial only (no tangential displacement). 
Hence, the yield strength noted from load-deflection data associated with the 
actual leak test will be approximately 1.1 times the yield strength as 
measured in a normal tensile test. Of course, it is assumed that the yield 
strength does not vary from the tensile to the compression case. 

Also, any data gained from the leak test load deflection curve can be 
used only to evaluate strength properties independent on magnitude of strain 
(such as a yield strength evidenced by a distinct change in slope of the load 
deflection curve). 
local deformation of surface asperities, the relationship between stress and 
strain will not resemble the true case; e.g. Young's modulus could not be 
attained. However, the phenomenon does not detract from the yield-strength 
evaluation as long as the parameter is evaluated consistently f o r  each test. 

Due to the flexibility of the supporting structure and the 

For the metal-gasket leak tests, data have been accumulated concerning 
the load-deflection relationship; load-deflection curves have been plotted for 
each of the three linear differential transformer readings for every test. 
The indium tests produced no significant data since the yielding occurred 
before enough data points could be accumulated, 

The tests utilizing lead as a gasket material produced a mean yield 
The 2300 psi value is that gained directly from the strength of 2300 psi. 

test and hence is approximately 1.1 times the desired yield strength. Thus; 
by the leak-test evaluation, the yield strength of lead is approximately 
2090 psi. Also, it must be stated that the selection of a yield strength by 
these means is not as refined as the selection of an 0.02% or an 0.2% yield 
strength. 
extensions of two straight I.ines coincident with the elastic line and the 
yielded load-deflection curve. The resultant load is then divided by the 
instantaneous area, thus giving a yield-strength value. 

The method used is that of selecting the intersection of the 

j i  

Load 

= Deflection 

FIGURE 3 4 . 4  Determination of Yield Point from 
Gasket Compression Tests 
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Comparing this point geometrically to a similar procedure used on the 
tensile-test data, it can be seen that the method gives approximately the 
same results as the 0.2% yield-strength criterion. 

0.02%Y.S. 

Lead 1040 
Aluminum 3388 

Copper 6 140 
Nickel 10200 

Hence, for the case of lead, it can be seen that anisotropy or the 
effect of friction was a factor. 
direction normal to the gasket would be approximately 2090 psi. 
of these data to an 0.02% yield strength gives a 1525 psi magnitude. 

The 0.2% yield strength of the lead in the 
Extrapolation 

0.2% Y.S Y" 1.1 Y* Y" 0.02% Y.SF 0.2% Y.$ 

1425 1518 2300 2090 1433 1960 
4400 13930 5700 5350 4620 6000 
7770 7200 14000 12700 10820 13600 
13230 '12530 32000 29100 23700 30800 

Similar evaluations have been made for copper, aluminum, and nickel. 
The results of each are listed in Table 34.3. 

f 

TABLE 34.3 YIELD STRENGTHS OF GASKET MATERIALS 

It is to be noted that the data gained from the leak tests concerning yield 
pointa'reaveraged in the above table. The dispersion of data was such from 
test to test to allow such an averaging technique in the case of metals. Since 
each gasket was cut from the same piece of material, it is reasonable to assume 
that variances are due to non-uniformity of loading, and that a single value 
of yield strength is to be expected. 
yield strength evidenced in leak tests is much larger than that evidenced in 
a tensile test. For lead and aluminum, the increase is approximately 37%; for 
copper, 77%; and for nickel, 137%. Obviously, both the geometry and large 
friction between surfaces plays a large role; also, anisotropy affects each 
case differently. 

It is noted in all cases that the 

Whatever the reasons, the leak test results are more indicative of the 
phenomenon of yielding during the actual test; hence, these results are more 
meaningful as standards of comparison. 

The same type Meyer strain coefficient tests were accomplished on the 
metal gasket materials as were done on the sealing surface metals. The results 
are shown in Table 34.4. 
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TABLE 34.4  MEYER INDICES FOR GASKET METALS 

Materia 1 

Indium 

Lead 
Aluminum 

Copper 
Nickel 

Meyer Index 

2.19 

2.25 

2 . 3  

2,29 

2.18 

4-1 
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34.3 Plastic Gasket Materials 

Plastic gasket materials have been tested in mating with stainless 
steel and aluminum flange material to determine the sealing characteristics 
of the plastics. The following plastic materials have been tested: 

TABLE 34.5 PLASTIC MATERIALS 

Trade N.ame 
KEL-F81 

Saran 

Te f lon-FEP 
Tef 16n-TFE 
Duroid- 5600 

ComD os i ti on 

chloro tri f luoroe thy,lene 

polyvinylidene chloride 

fluorinated ethylene-propylene 

tetrafluoroethylene 
60% Teflon - 40% Ceramic fiber 

The teflon TFE is a compressed powder,and the teflon FEP is formed by 
molding. 

The stainless steel and aluminum materials are relatively rigid with 
respect tu the plastic gaskets,so that the interface sealing will be a 
function of the soft gasket material properties only. The material proper- 
ties affecting leakage may be classified as those chemical properties affect- 
ing permeation through the gasket material and those mechanical properties 
affecting the deformations necessary for sealing at the interface. 

The calculation of leakage rates due to permeation depends on the 
gasket geometry, the gas pressure differential and the permeation rate. 
permeation rate is a function of the gas - material combination and the 
system temperature. The following permeation rates have been reported for 
room temperature: 

The 

TABLE 34.6 PLASTIC MATERIAL PERMEATION RATES 

3 Cm - mm 
2 

Gas Permeation Rate - - Gasket Material 

** "-'F cm-atm Kel - F81 Air 410 x 10 * 
Saran H, * Teflon 

Duroid 

L 

H 3.4 x 
2 

not available 

* Private conversations with Dr. F.J. Norton, General Electric Research 

Computed from data in Section 23 
Lab *k 
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The interface. sealing will be a function of the visco-elastic prop- 
erties of the gasket. The yield stress which is indicative of gross de- 
formations is the most meaningful parameter for surface asperity deforma- 
tions. 

The yield stress for plastic materials is a pronounced function of 
temperature, strain rate, nature of loading (compression, tension, torsion) 
and the directional properties of the material. Also for gaskets used in 
these tests with low height-to-area ratios the surface roughness, friction 
and plane strain loading affect the gross deformations. 

The deflection and load data obtained during the test provided a 
reliable measure of the yield stress for each test. All of these tests 
were conducted at room temperature and with very low strain rates. The 
variation of yield stress different tests of the same gaskets material 
is a function of the mating surface finisbas shown in Table 34.7. The 
value of the yield strength is determined for a .2% strain offset. The 
yield stress of the gasket is higher for the rougher mating surface. This 
effect is less pronounced for teflon,probably due to its very low coeffici- 
ent of friction. 

TABLE 34.7 LEAKAGE TEST .2% YIELD STRESS 

Gasket Material 

KEL-F81 

KEL-F81 
KEL- F8 1 
Saran 

S aran 
Saran 

Te f lon- FEP 

Tef lon-FEP 
Teflon-FEP 

Tef lon-TFE 

Teflon- TFE 

Teflon- TFE 

Duroid- 5600 

Surface Finish 

Circumferential 

Radially Ground 

Diamond Burnish 
Circumferential 

Radially Ground 
Diamond Burnish 

Circumferential 

Radially Ground 

Diamond Burnish 

Circumferential 

Radially Grouncg 

Diamond Burnish 

Circumferential 

Separate compression tests have been 

.2% Yield Stress -psi 

Machining 7400 

6350 

6100 
Machining 5300 

4000 
3000 

Machining 3050 

3 100 

2850 

Machining 2800 

2050 

2 100 

Machining 2350 

run at room temperature for the 
same configuration gasket cut similarly from the same plastic sheet as the 
leakage test samples. The results of these mechanical tests in which the 
strain rate was accurately controlled are shown in Table 34.8. 
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TABLE 34.8 PLASTIC MATERIAL .2% YIELD STRESS 
m i  1 

Gasket Material S t r a i n  Rate , .  min . 2% Yield S t r e s s ,  . p s i  

KEL-F81 50 7250 

KEL- F8 1 50 6800 

KEL-F81 20 6750 

Saran 100 7200 

Saran 50 6400 

Saran 20 5650 

Saran 2 4850 

Tef lon-FEP 100 3275 

Te  f 1 on- FEP 50 3 600 

Te f lon- FEP 20 3750 

Te f 1 on- TFE 100 2 500 

Tef lon-TFE 50 2525 

Tef lon-TFE 20 2375 

The gene ra l  t r end  i s  f o r  higher  y i e l d - s t r e s s  va lues  a t  t h e  f a s t e r  
s t r a i n  r a t e s .  The y i e l d - s t r e s s  va lues  a t  the low s t r a i n  r a t e s  compare 
favorably w i t h  the  values  obtained i n  t h e  leakage t e s t  which was conduct- 
eb. over a r e l a t i v e l y  long time pe r iod .  The va lue  of t he  y i e l d  s t r e s s  which 
i s  most meaningful i s  t h a t  obtained from each t e s t , s i n c e  i t  inc ludes  t h e  
e f f e c t s  of a l l  t h e  a c t u a l  t e s t  v a r i a b l e s .  

Eva lua t ion  of t he  s t r a i n - h a r d e n i n g  c h a r a c t e r i s t T c  of t h e  p l a s t i c  
m a t e r i a l s  i s  not  p r a c t i c a l  due t o  t h e i r  v i s c o - e l a s t i c  p r o p e r t i e s .  The 
Meyer s t r a in -ha rden ipg  c o e f f i c i e n t , w h i c h  i s  obtained by measuring the  i n -  
d e n t a t i o n  of a b a l l  under load on t h e  s u r f a c e  of t h e  materia1,would be a 
f u n c t i o n  of t he  r a t e  of loading and t h e  i n d e n t e r  b a l l  diameter.  
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34.4 Rubber Gasket Materials 

34.4.0 Elastomer Gasket Material Properties 

The sealing ability of rubber-like gaskets is discussed in terms of 
the inaterial properties of the gasket and the restraint onbulk flow of the 
gasket , 

34.4.1 Rubber Gasket Material Properties 

The sealing characteristics of four rubber-type gasket materials 
have been investigated. The mating stainless steel and aluminum flange 
materials are stiff relative to the rubber,so that the sealing for various 
flange surfaces will be a function of the material properties of the rubber. 

TABLE 34.9 - RUBBER MATERIALS 
Trade Name 

V i ton- A 

Neoprene 
Hypalon 
Silicone 

Composition 

co-polymer of vinylidene fluoride and 
oride and hexafluoropropylene 

chloroprene 
chorosulforated polyethylene 

polysiloxane 

The material properties affecting leakage may be classified as 
those chemical properties affecting permeation through the gasket material 
and those mechanical properties affecting the deformations necessary for 
sealing at the interface. 

The following permeation rates have been reported (Section 23) 
using air at room temperature. 

TABLE 34.10 RUBBER MATERIAL PERMEATION RATES 
9 

Rubber Material 
.J cm -mm 

2 sec-cm atm 
Permeation Rates, 

Silicon e 

Neoprene 

2.2 

6.0 x 

Viton - A not available 

Hypa lon not available 

48 
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The mechanics of deformation of rubber-like materials is in general 
extremely complicated. The durometer system is the only general approach 
at classifying the mechanical behavior of elastomers. This provides a 
basis for comparison of the stiffness of one rubber with respect to another 
but can not be related to other types of materials. The stiffness of each 
elastomer decreases with decreasing durometer value. 
is presented for the rubber materials tested in Table 34.11. 

The durometer value 

TABLE 34.11 RUBBER MATERIAL HARDNESS 

Rubber Material 
Silicone 

Neoprene 

Viton-A 
Hypalon 

Durometer - A 
40 - 85 
40 - 95 

60 - 95 

40 - 95 

However, rubber-like materials have a very low stiffness in relation 
to the metal and plastic gaskets used in this series of tests. It is ex- 
pected that deformation and compliance at the interface will occur at a 
correspondingly low normal pressure, 

34.4.2 Effect of Gasket Constraint on Behavior of Rubber (Refs. 2 , 3 , 4 )  

The composition of rubber-like materials is such that wide varia- 
tions in mechanical behavior occur as a function of temperature and bulk 
constraint. To demonstrate these effects on the sealing ability of the 
gasket an analysis of some simple mechanical models is included. This 
analysis shows that gasket constraint is a primary consideration for rubber- 
like materials, Virtually all of the organic gasket materials exhibit 
rubberlike properties in the sense that: 

(1) They exhibit a critical or transition temperature at which 
abrupt changes occur in certain of their physical proper- 
ties. 

(2) Their mechanical behavior is basically that of a two-phase 
material (mechanical mixture) in which the first phase is 
elastic and the second phase is visco-elastic at room temp- 
erature. (These two phases will hereafter be referred to ' 

as the elastic and visco-elastic phases respectively). 

The changes in the physical properties of these organic materials 
at their transition temperature are basically the result of an abrupt change 
in the mechanical properties of the visco-elastic phase only. The elastic 
phase does not exhibit any abrupt changes in properties at the transition 
temperature. 

49 
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I n  pas s ing  through the  t r a n s i t i o n  temperature ( i n  t h e  d i r e c t i o n  of 
dec reas ing  temperature) ,  t h e  v i s c o s i t y  o f  t he  v i s c o e l a s t i c  phase i n c r e a s e s  
so  g r e a t l y  t h a t  t h i s  phase e x h i b i t s  almost p u r e l y  e l a s t i c  behavior  below t h e  
t r a n s i t i o n  temperature.  The modulus o f  e l a s t i c i t y  of t he  v i s c o - e l a s t i c  

E 2 ,  i s  many t i m e s  t h e  modulus of e l a s t i c i t y  of  t h e  e l a s t i c  phase,  phase,  
(For  examp15 f o r  neoprene E i s  of  t h e  o r d e r  of  10 
o r d e r  o f  10 p s i ) .  
p h y s i c a l  p r o p e r t i e s  of  t h e  composi te ,s ince above t h e  t r a n s i t i o n  temperature 
t h e  long-time deformations of t h e  composite are  c o n t r o l l e d  by the  e l a s t i c  
phase,  whereas below t h e  t r a n s i t i o n  temperature t h e  v i s c o - e l a s t i c  phase 
c o n t r o l s  t h e  cieformation c h a r a c t e r i s t i c s  of t he  composite. 

5 p s i  wh i l e  E l  i s  of  t h e  
Th i s  i s  ?he reason f o r  t he  ab rup t  change i n  c e r t a i n  of t h e  

One wou ld , the re fo re ,  expect  t o  see abrupt  changes i n  t h e  e f f e c t i v e  
modulus of e l a s t i c i t y ,  E*, of t h e  composite as w e l l  as i n  i t s  hardness ,  
e l o n g a t i o n  and o t h e r  mechanical p r o p e r t i e s .  

1 S ince  tLere a re  s e v e r a l  o r d e r s  of  magnitude between the  va lues  of  E 
and E2 (E2>E1), what one a c t u a l l y  o b t a i n s  i n  measurements of t h e  mechanical 
p r o p e r t i e s  of t h e s e  materials a re  p r i m a r i l y  t h e  p r o p e r t i e s  of  t h e  e l a s t i c  
phase above t h e  t r a n s i t i o n  temperature  and p r i m a r i l y  t h e  p r o p e r t i e s  of t h e  
v i s c o - e l a s t i c  phase below t h e  t r a n s i t i o n  temperature .  

A n o t a b l e  excep t ion  i s  t h e  bulk modulus, which cioes not  va ry  appre- 
c i a b l y  through t h e  t r  n s i t i o n  temperature.  The bulk modulus of  t h e  composite 
i s  of  t h e  o r d e r  o f  10 p s i  f o r  many of t h e s e  materials (Refs .2  acd 3 ) .  This  
i s  b a s i c a l l y  i n  agreement w i t h  a l l  of t h e  e x i s t i n g  theory used i n  p l a s t i c i t y  
and v i s c o - e l a s t i c i t y ,  s i n c e  p l a s t i c  o r  v i scous  deformations are  always con- 
s i d e r e d  t o  be a s s o c i a t e d  w i t h  t h e  d e v i a t o r i c  s t r a i n s  and not  w i t h  t h e  i so -  
t r o p i c  p o r t i o n  of  t h e  s t r a i n  ( d i l a t a t i o n ) .  The importance o f  t h i s  w i l l  be 
i l l u s t r a t e d  by t h e  fol lowing a n a l y s i s .  

3 

Although t h e r e  are an  almost un l imi ted  number o f  o rgan ic  gaske t  de- 
s i g n s  i n  use ,  f o r  purpose of t h e  p r e s e n t  a n a l y s i s  they can a l l  be covered 
by two s imple c a t e g o r i e s .  These c a t e g o r i e s  a re :  

(1) Gaskets c o n s t r a i n e d  s o  as t o  permit  vo lumetr ic  precom- 
p r e s s  ion .  

( 2 )  Gaskets which are  no t  s u f f i c i e n t l y  c o n s t r a i n e d  t o  permit  
vo lumet r i c  precompression. 

I n  o rde r  t o  i l l u s t r a t e  t h e  i n h e r e n t  d i f f e r e n c e  between t h e s e  two 
c a t e g o r i e s ,  t h e  s i m p l i f i e d  models* i n  F i g u r e  34.5 are analyzed.  Figs.  34.5a 
and 34.5d show a s imple model of a gaske t  of  groups (1 )  and ( 2 )  r e s p e c t i v e l y  
i n  t h e  u n s t r a i n e d  cond i t ion .  The d o t t e d  r e g i o n  i n  each case r e p r e s e n t s  t h e  
v i s c o - e l a s t i c  phase of t h e  mater ia l  c h a r a c t e r i z e d  by i t s  bulk modulus, 
while  t h e  s p r i n g  r e p r e s e n t s  t h e  e l a s t i c  phase c h a r a c t e r i z e d  by a l i n e a r  
s p r i n g  c o n s t a n t ,  k , .  

K2’ 

(The e l a s t i c  phase i s  considered t o  be incompressible  
J- 

see fo l lowing  page 5 0 
34- 16 



and therefore K = K2(l + V /V where V denotes volume.) 1 2  

If each gasket is given an initial linear precompression of amount 6 
(Figs. 34.5b and 34.5e), the force required to accomplish this will be as 
indicated in the figure.** 
posed of term kl.6 associated with the linear compression of the elastic 
phase and the term K6/h associated with the volumetric compression of the 
gasket, whereas for the unconstrained gasket there can be no volumetric 
compression and hence no force involving the bulk modulus of the gasket. 

For the constrained gasket, this force is com- 

Consider now the case in which Figs. 34.5b and 34.5e represent the 
situation existing in a gasketed assembly at a temperature just above the 
transition temperature, Next, let the cooling proceed to a temperature just 
below the transition temperature. In the process, the viscoelastic phase 
has become essentially purely elastic in nature with a modulus of elasticity 
considerably higher than that of the elastic phase. 

If in addition the drop in temperature is accompanied by a differen- 
tial thermal expansion between the parts of the gasket assembly such that 
the precompression is relaxed by an amount E (e%), the situation will be 
as indicated by Figs. 34.5e and 34,5f. In the case of the constrained gasket, 
a sealing force proportional to the remaining volumettic compression (8-E)/h 
remains. In the case of the unconstrained gasket, all of the sealing force 
has been lost and a gap exists, since the viscoelastic phase has "hardened," 
thereby restraining the relatively small restoring force of the elastic 
phase linear spring. 

To place the problem in clearer perspective, consider the numerical 

The bulk modulus of neoprene is approximately 105 psi 
values involved in the foregoing example if the gasket is a one-inch cube 
of neoprene rubber. 
and the modulus of elasticity of the elastic phase is about 1500 psi. 
There for e 

* 
The mechanics of deformation of rubber-like materials are in general 

extremely complicated and for a detailed discussion the reader is referred 
to reference 4 .  However, these simplified models are used here since they 
are sufficient to illustrate the basic deformation properties in gasket 
design. More sophisticated mathematical models may be required at a later 
date to evaluate some of the finer points of gasket designs. 
** 
there will also be a viscous component of load present, but this is of no 
practical importance to this analysis. 

Provided the load is applied slowly., If the load is applied rapidly, 

5 1  
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5 K = 10 psi 

kl = 
1500 psi 

h = 1 in. 

Assume 6 = 0.1 in. 
E = 0.01 in. 

Therefore: 

= 10,150 psi P1 = 9,000 psi 

= 150 psi PO P1l = 0 .  

The foregoing example illustrates two important advantages of using the 
constrained gasket design for organic gasket materials. 

(1) Above the transition temperature, where the organic materials 
are generally very "soft," it is possible to obtain large seal- 
ing pressures. 

(2) The available elastic "spring-back'' remains virtually unchanged 
in passing through the transition temperature. 

The constrained type of gasket design is vastly superior to the un- 
constrained type for organic gasket materials. Further investigation is 
needed to determine to (1) permit easy assembly and yet provide sufficient 
volumetric precompression to insure continued sealing and (2) insure that 
the constraint is present throughout the full range of possible operating 
conditions. 

l- 3 3 
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Forrest 0. Rathbun, Jr. 

3 5 . 0  Summary 

The experiments performed in order to gain an understanding of the 
relationships among the various leakage parameters and to provide an evaluation 
of the analytical endeavors are of three distinct types. 
and quantitative evaluation has to be made of the surface finish on the sealing 
surface, 
recording the surface profile through use of a profile indicator (Section 3 5 . 1 ) .  
The leak test is then made, using the now known sealing surface along with the 
chosen gasket material. The experimental apparatus and procedure is outlined 
in Section 3 5 . 3 .  
has been completed, the third aspect of the experimental program is accomplished - 
a qualitative evaluation of the degree of mating attained during the just- 
completed leakage test. Such is accomplished using high-magnification photographs 
of the gasket surfaces and sealing surfaces. 
microscope in this evaluation is outlined in Section 3 5 . 2 .  

First, a qualitative 

prior to using that surface in a leakage test. Such is done by 

When the leakage test for any sealing surface - gasket system 

The use of the interference 
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35.1 Evaluation of Surface Finishes 

A Taylor-Hobson "Talysurf" stylus-type profilograph has been used to 
obtain profiles of the various finishes used. 
single-line profiles of surfaces which have as little as two-micro-inch 
asperities. 
but an electronic integrator circuit produces, for any surface of a certain 
minimum length, a center line average (CLA) roughness. 
(Ref. 2) is basically simple to utilize, a thorough understanding of the 
interpretation of the traces is required. 

Such an instrument will yield 

Not only are traces of the profiles in a given direction gained, 

While the "Talysurf" 

When inspecting "Talysurf" prof ilometer traces, it is necessary to 
insure that: 

(1) the direction in which the trace was made is known, and 

(2) the different scales present on the trace in the vertical and 
horizontal directions are understood 

Since the "Talysurf" trace is merely the record of a stylus motion 
following the contours of the surface in a straight-line travel, the informa- 
tion attained about the surface is limited. Any asperities on either side 
of the trace are not recorded; nor is there any surety that a trace made 
parallel to the trace at hand would resemble the recording at hand. 
something must be known about the surface prior to producing the trace. 
stylus must be moved in the lay direction - the direction across which the 
asperities run. If a surface has a random asperity distribution, traces in 
two directions can be made. There is no guarantee that a:,single trace will 
yield information indicative of the true character of the surface. For 
machined parts, and some ground parts, the lay direction is perpendicular 
to the direction of the tool motion. 

Hence, 
The 

The utility of the profilometer tracing lies in the magnification of 
the record of the stylus displacement in the vertical direction. Since an 
equal magnification in the travel (horizontal) direction would result in 
extremely lengthy traces, the horizontal scale is fixed; on all traces the 
scale is 20:l. 
inch, , of stylus travel, The vertical magnification can be changed to suit 
the surface at hand; six magnifications are possible. 

Each small division on the paper (0.2 inch) equals 0.01 

Number 

1 
2 
3 
4 
5 
6 

Each Small 
Magnification Division Equals 

1, ooox 100 microinches 
2, ooox 50 I' 

1 1  5, ooox 20 
10, ooox 10 
20, ooox 5 
50, OOOX 2 II 

Hence, for all cases, the vertical magnification is different from the hori- 
zontal magnification. The scales utilized are noted for each trace presented 
herein. \ 5 f; 
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Because of the scale variances, the asperities afe much less severe 

Hence, while the traces 
than are shown in the traces. 
for a "peak" will generally be greater than 170'. 
yield a great deal of useful information, they do not represent an actual 
visual picture of the surface. 

It must be recognized that the enclosed angle 

With regard to the CIA average, such a characterizing quantity is 
defined by 

x = Ro 

CLA = -  1 / /y/dx 
0 

R 
J 
x = o  

The CLA system, now an American standard, is sometimes supplemented by 
the more common rms system. While the CLA value of a surface is automatically 
computed by the Talysurf, the rms value is not. 

0 

must be gained from a knowledge of the details of the surface profile or be 
estimated from the CLA value. In both cases, y is the height of the surface 
from the mean line describing the surface 

FIGURE 35.1 Typical One Dimensional Surface Profile 

Following are listed in Table 35.1 the CLA and rms values from several 
mathematically described surface geometries. The variations between rms and 
CLA are given as aids in estimating rms values from CLA values. 
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TABLE 3 5 . 1  Mathematical Surface Profiles 

Profile 

(1) Sine Wave 

(2) Saw Tooth 

(3) Parabola 

( 4 )  Parabola 

b--""--I 
(5) Step Function 

(6) Gaussian Distribution 
of Surface Asperities 

TXIS 

0.318 

0.25 

0.256 

0.256 

0.5 

1.0u" 

CLA 

0.354 

0.289 

0.298 

0.298 

0.5 

0.796~ 

m s  >>CIA 

11.2% 

15.6% 

16.3% 

16.3% 

0% 

25.8% 

*a  = Standard deviation 



35.2 Evaluat ion of Degree o f  Mating o f  Sur faces  

When t h e  leakage test has  been completed f o r  a given combination of 
gasket  and s e a l i n g  su r face ,  and t h e  r e s u l t a n t  q u a l i t y  of such a combination 
a s  a f l u i d  connector  i s  known, i t  becomes of i n t e r e s t  t o  eva lua te ,  independently 
of t h e  ra te  of flow through t h e  s e a l ,  t h e  degree of mating of t h e  gaske t  and 
s e a l i n g  s u r f a c e .  For t h e  c a s e  o f  metals,  and some p l a s t i c s ,  where t h e  seal 
has  been formed by p l a s t i c  deformation of t h e  gasket  such t h a t  t h e  s u r f a c e  
of t h e  gasket  m i r m r s t o  some e x t e n t  t h e  s u r f a c e  o f  t h e  s e a l i n g  su r face ,  i t  i s  
p o s s i b l e  t o  view matching l o c a t i o n s  on each s u r f a c e  under h igh  magrt i f icat ion.  
I f  t h e  mating is due t o  p l a s t i c  deformation f o r  t h e  most p a r t ,  t h e  degree of 
mating which e x i s t e d  du r ing  t h e  l e a k  test w i l l  be ev iden t  du r ing  pos t -  
experiment obse rva t ion .  Fu r the r ,  i f  t he  d i f f e r e n c e  between t h e  y i e l d  s t r e n g t h s  
of t h e  gaske t  material  and t h e  s e a l i n g - s u r f a c e  metal  i s  g r e a t  enough, then t h e  
p l a s t i c  deformation w i l l  be predominantly p r e s e n t  i n  t h e  s o f t e r  gasket  m a t e r i a l .  
Hence, f o r  such a combination, t h e  s e a l i n g  s u r f a c e  need be viewed on ly  a f t e r  
t h e  l e a k  t e s t , s i n c e  i t s  p r o f i l e  w i l l  n o t  have v a r i e d .  For most o f  t h e  tests 
conducted i n  t h e  experimental  program, such was t h e  case, and only pos t - l eak -  
t e s t  s u r f a c e  obse rva t ions  were made. 

The appa ra tus  used f o r  such obse rva t ions  i s  t h e  Zeiss i n t e r f e r e n c e  
microscope (Ref. 1) wi th  a P o l a r o i d  camera at tachment .  Both o r d i n a r y  
magnified photographs and magnified i n t e r f e r e n c e  photographs are p o s s i b l e .  

I n  o r d e r  t o  p r e c i s e l y  l o c a t e  matching p o i n t s  on t h e  two mated s u r f a c e s ,  
l o c a l  s c r i b e  marks were made i n  t h e  s e a l i n g - s u r f a c e  p r o f i l e  w i t h  a s t y l u s .  
Such a mark becomes n o t i c e a b l e  on t h e  s o f t e r  material as a r e s u l t  o f  t h e  
p l a s t i c  f low; photos i n  the  r eg ion  o f  t h i s  mark are then  compared. 

I n  o r d e r  t o  i n t e r p r e t  t h e  i n t e r f e r e n c e  photographs, i t  i s  necessa ry  t o  
understand t h e  phenomenon which causes  t h e  i n t e r f e r e n c e  l i n e s .  
l i g h t  t o  propagate  as a wave, w e  can speak of t h e  frequency of t h e  l i g h t  and 
of t h e  wave l e n g t h  o f  t h e  l i g h t .  I f  two l i g h t  sou rces  of t h e  same frequency 
and magnitude are d i r e c t e d  along the  same path,  t hen  t h e  magnitude of t h e  
r e s u l t a n t  wave produced by t h e  a d d i t i o n  o f  t h e  two waves w i l l  depend on t h e  
phase between t h e  o r i g i n a l  two waves. The a d d i t i o n  of two l i g h t  waves t o  
produce a new wave of d i f f e r e n t  magnitude c h a r a c t e r i s t i c s  i s  c a l l e d  i n t e r f e r e n c e  
I f ,  by o p t i c a l  devices ,  t h e  l i g h t  from a s i n g l e  source i s  s p l i t ,  then t h e  
p o s s i b i l i t y  of i n t e r f e r e n c e  e x i s t s .  
t o  be seen, and t h e  o the r  from a m i r r o r  a t  a known d i s t a n c e  and ang le  t o  t h e  
o b j e c t ,  t hen  the  two r e f l e c t e d  waves w i l l  i n t e r f e r e  i n  a manner so a s  t o  
produce t h e  i n t e r f e r e n c e  p r o f i l e  of t h e  o b j e c t  su r f ace .  

Considering 

By r e f l e c t i n g  one wave from t h e  o b j e c t  

The r e s u l t a n t  l i n e s  can be envis ioned as contour  l i n e s  on t h e  o b j e c t  
s u r f a c e  as seen i f  t h e  s u r f a c e  were s l i g h t l y  o f f  normal t o  t h e  l i n e  of v i s i o n .  
Such i s  shown f o r  a f l a t  s u r f a c e  i n  F igu re  35.2. 
a s  con tour  l i n e s  o f  t h e  s u r f a c e  seen from a d i r e c t i o n  pe rpend icu la r  t o  t h e  
p a r a l l e l  p l anes  shown. The ver t ica l  d i s t a n c e  between p l anes  (and hence bands) 
i s  one-half  t h e  wave l e n g t h  of t h e  l i g h t  used. A s  t h e  ang le  between l i n e  of 
s i g h t  and s u r f a c e  changes, t h e  d i s t a n c e  between bands v a r i e s ;  however, t h e  
ver t ica l  d i s t a n c e  between t h e  bands taken a s  contour  l i n e s  remains J / 2  (one- 
h a l f  t h e  wave l e n g t h  of t h e  l i g h t ) .  

The bands formed can be viewed 
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Were a groove to exist in the surface, then the bands would show up 
as in Figure 3 5 . 3 . .  Again, the direction of light is perpendicular to the 
planes shown, and the bands are J/2 apart in a direction perpendicular to 
the line of sight. 

Figure 35 .3  also illustrates the interpretation of the interference 
Measuring from the center of a dark band to the center of the same bands, 

band in a location where the band has changed direction, we can note what 
portion of a half wave length of light the band has displaced. In Figure 
3 5 . 3 ,  the displacement is (0.3 x J / 2 ) .  Thus, the depth of the groove is 
0.3 x ( J /2) .  

If the surface had been tipped in a direction 90° to its present 
direction, a different band pattern would emerge. 

Both surface topograph shape and depth can be ascertained by this 
method. 

For the results sham in this report, white light has been used; a 
value of 11.8 microinches can be taken as a half wave length. 
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FIGURE 35.2 Interference Pattern for Flat Surface 

FIGURE 35.3 Interference Patterns for Plat Surface with Groove 
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35.3 Leakage Experiment 

35.3.0 Introduction 

The main effort in the experimental program has been to measure accurately, 
for a given combination of gasket material properties and sealing surface 
finish, the relationship between leakage through such a sealing system and such 
functionsas gasket load and internal pressure. 
conceived to evaluate the validity of analytic investigations (Section 33) 
and to promote a greater understanding of the leakage phenomenon itself. 
analyses have shown that the fundamental leakage phenomenon can be studied in 
terms of a limited number of parameters which do not include the response of 
the supporting structure, the experimental apparatus usdto study the leakage 
problem has been designed to exclude the problems of flange deformation, bolt 
load uniformity and bolt relaxation. The concept of the experimental work has 
been to isolate the leakage phenomenon in terms of those parameters which are 
absolutely needed to evaluate the problem, namely, sealing surface finish, 
material properties, gasket stress, and internal pressure. Hence, the task 
assigned to such an experimental apparatus is to: 

Such an experiment has been 

Since 

(a) Support two sealing surfaces in such a manner that the inherent 
flexibility of the sealing surface material will be present, but such 
that no geometric flexibilities are present. The surfaces should be 
parallel, one above the other, such that a flat annular gasket can be 
compressed between them. 

(b) Brovide a means of compressing the annular gasket uniformly between 
the sealing surfaces. Means should be available to monitor the 
magnitude and uniformity of gasket compression. The compressive load 
should be applied under control at known levels. 

(c) Provide a means of internally pressurizing the sealing system with 
helium. It should be possible to vary the pressure through a given 
range, and also to maintain such a pressure over finite time intervals. 

(d) 
through the gasket system. 

I Provide a means to measure quantitatively the leakage of helium 

In line with the above objectives, an experimental apparatus was designed and 
is described in Section 35.3.1. The experimental procedure is outlined in 
Section 35.3.2; and the degree of accuracy attainable in measurements taken 
is described in Section 35.3.3. 

35.3.1 Experimental Apparatus 

The entire leak test apparatus is shown in Figure 35.4 and the ensuing 
photographs. 

Components (3) and ( 4 )  (the head and body) have machined or ground onto 
them the prescribed test surface finishes, locations (12) and (13). Item (11) 
is a locator pin to insure that the head and body seat concentrically. Two 
safety  devices are incorporated, an internal safety ring (2) to protect the 
vacuum bellows ( 6 )  and an external safety ring (7) to protect the experimenters 
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in case of a catastrophic gasket failure at high pressure. 

The testing machine used for the applications of load was a Baldwin 
Southwark load-regulated testing machine with a 60,000-pound capacity. The 
machine has been equipped with a load maintaining device to allow testing of 
gaskets at given load over long time periods. 

Figure 35.5 shows the test body surmounted by the test gasket in the 
correct test position. 
properly locate the mating head. Three linear differential transformers are 
shown in position to monitor gasket deflection. Shown to the left of\the photo 
is the vacuum line which draws all helium leaked through the seal to a mass 
spectrometer. The electrical leads shown are for the differential transformers. 

Two locating pins are placed in drilled holes to 

Figure 35.6 shows the internal test facility ready for operation. Affixed 
to the head are three linear differential transformer cores which ride freely 
in the transformersthemselves. The safety ring is shown in position in the 
gasket region between head and body. The rectangular grooves in the head (and 
body) are for positioning the pieces exactly on the "Talysurf" profile 
recording device. The internal helium pressurizing system is partially shown. 
The valve and tube in the upper right-hand corner of the photo are the purge 
line and outlet valve. Shown on the face of the sealing surface are the two 
passages for helium flow.-inward and outward. The tube in the lower left-hand 
corner is the inlet tube, which has an inlet valve. A helicoid pressure 
gage, a dry gas filter and a pressure regulator mounted on a 2000 psi helium 
tank complete the pressurizing system. The dry gas filter used will prevent 
passage of 98% of all particles 0.4 microns in diameter and 100% of all one- 
micron-diameter particles. 

The final photograph, Figure 35.9, shows the entire testing facility, 
including the testing machine, linear differential transformer instrumentation, 
General Electric mass spectrometer leak detector 
410 micro-microammeter), and the apparatus already described. 

35.3.2 Leakage Measurements 

(supplemented by a Kbethley 

In order to measure accurately the leakage from the gasket system, a 
vacuum is drawn between the outside of the seal and the flexible bellows. A 
constant pumping action draws the helium molecules escaping from the seal into 
the leak detector. 
attained within the bellows after the system has been made leaktight itself. 
The leak detector ideally produces a current proportional to the number of 
helium molecules passing through it. However, the sensitivity of the system 
varies from day to day slightly, and the absolute ratio factor between 
leakage and current is not initially known. 
made on the leak measuring equipment. 

A vacuum of approximately 4 microns of mercury can be 

Thus, a daily calibration is 

Six constant-value leaks have been manufactured. Each day, prior to 
and after leakage measurements onartest facility, each leak is placed in 
the leak detector system, and a value of current associated with that leak 

c 3 is recorded. 
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I 

NOTES ON LEAK TEST APPARATUS 

Three s tandard  Schaevi tz  va r i ab le  d i f f e r e n t i a l  transformers,  model 
100-MS-L, loca ted  120' apa r t  - t o  measure uni formi ty  and magnitude 
of gasket compression. 

Sa fe ty  cy l inde r  - placed ou t s ide  gaske t -sea l ing  su r face  system t o  
prevent damage t o  apparatus by a sudden gasket blowout. 

Head of s ea l ing  su r face  f i x t u r e  - has c i rcumferent ia l  l i p  t o  support  
Schaevi tz  transformer cores .  

Body of sea l ing  sur face  f i x t u r e  - has l i p  t o  support  Schaevi tz  t rans-  
formers. 

Gasket to  be t e s t ed .  

Vacuum system - a U.S. F l ex ib l e  Bellows 
a cover p l a t e  and base r ing .  

Metal cy l inder  placed around system as a s a f e t y  precaut ion  i n  the 
event of gaske t  blowout. 

P rec i s ion  X430 0-Rings - f o r  s ea l ing  vacuum system. 

Three AMPHENOL minia ture  socket and plug No. 78 S-6-S and 71-S, with 
r e t a i n e r  r ings  - t o  rece ive  leads  from Schaevi tz  transformers.  

Ins t rumenta t ion  r ings  - has three  STUPAKOFF mul t i te rmina l  g l a s s  headers,  
CAT. No. 971606, t o  rece ive  leads  from Schaevi tz  t ransformers ;  has o r i f i c e  
fo r  vacuum pump. 

Two holes d r i l l e d  i n  f i x t u r e  body and head, ou ts ide  gaske t  l i v e  - t o  
rece ive  pins t o  loca te  head and body pos i t i ve ly .  

Sea l ing  sur face  of f i x t u r e  body - can be r e f in i shed  seve ra l  times t o  
des i red  roughness. 

Sea l ing  sur face  of f i x t u r e  head - can be r e f in i shed  seve ra l  times t o  
des i r ed  roughness. 

Two holes d r i l l e d  a x i a l l y  i n  f i x t u r e  body, each t o  an o r i f i c e  i n  the 
body base - one fo r  pressur ing  system with helium and one for  purging 
a i r  from system. 

movable crosshead of t e s t i n g  machine denotes poin t  through which load 

( s t a i n l e s s  s t e e l &  welded t o  

passes  ( b a l l  and socket f ix ture) :  
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F I G U R E  35 .5  Body of leakage  t e s t i n g  a p p a r a t u s  showing l i n e a r  
d i f f e r e n t i a l  t r a n s f o r m e r s  i n  p l ace ,  gaske t  r e s t i n g  
on dody s e a l i n g  s u r f a c e ,  and head l o c a t i n g  p i n s .  

F I G U R E  35.6 Leakage t e s t i n g  a p p a r a t u s  (without  vacuum c o n t a i n e r ) ,  
showing l i n e a r  d i f f e r e n t i a l  t r a n s f o r m e r s  connected 
t o  head and body. 
r e g i o n .  

S a f e t y  c y l i n d e r  sur rounds  g a s k e t  
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A separate endeavor has been made to evaluate the size of the six leaks 
by other means. 
across the leak, helium is made to flow through the leak. The volume from 
which the helium flows is maintained constant by allowing a slug of liquid 
to flow through an affixed capillary tube toward the leak to make up the 
volume lost by flow through the leak. By monitoring the rate of motion of 
the capillary slug, the leakage flow rate can be ascertained. 

By the method of causing a one-atmosphere pressure differential 

This study was successful in evaluating standard leaks through a range 
of four decades. A aonstant ratio was found to exist between leakage and 
current. Hence, a calibration Curve for each day was determined. Extra- 
polation of the linear curve was necessary in the 10-8 cc/sec leak range. 
A typical resulting calibration curve is shown in Figure 35.8. 
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3 5 . 3 . 3  Test Procedure 

For any given experiment, t h e  s e a l i n g  s u r f a c e  m a t e r i a l ,  gaske t  m a t -  
e r i a l  and s u r f a c e  f i n i s h  a r e  each f ixed .  The v a r i a b l e s  of each test  then 
become 
(helium) wi th in  t h e  system. 
f o r  v a r i o u s  combinations of P and pi.  

t h e  normal load P appl ied  t o  t h e  system and t h e  i n t e r n a l  p r e s s u r e  p i  
The d a t a  gained from t h e  experiment i s  t h e  leakage 

I 

I I )  
I 1  

I I  
I I  

I '  

He source 

FIGURE 35.9 A Leakage P l o w  Path  (schematic) 

The ch rono log ica l  o r d e r  w i th  which load and i n t e r n a l  p r e s s u r e  a r e a p p l i e d  
becomes important  i n  t h e  eva lua t ion  of t h e  da t a .  

I n  each test, t h r e e  phenomena which occur  i n  a b o l t e d  connector  a r e  
reproduced i n  t h e  test. 
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35.3.3.1 Phase I 

A vacuum is drawn around the outside of the connector system. A 

The sealing load P is then 
helium flush is maintained within the system; hence, a one atmosphere pressure 
differential exists across the potential leak. 
applied in increments as the reduction of leakage at each increment is recorded. 
Since the response time of the leakage measurements is in the order of several 
seconds, and the load-deflection response of the gasket is not always immediate 
(particularly in the case of lead and indium,which creep at room temperatures), 
the leakage is recorded after all transients die out. 
leakage is  recorded and the load increment applied is recorded. Increments of 
loads are applied until the leakage is reduced to the 10-7 cc/second range (or 
below). 

The time at which the 

The object of this test is to gain information as to the mating of 
the surfaces and its effect on leakage. The load at the end of Phase I remains 
the highest load applied to the system; hence, the deformation at the conclusion 
of the test can be associated with the leakage at the end of Phase I. (In the 
case of lead and indium, the possibility of cold flow exists; but the amount of 
deformation during the remainder of the test can be checked,since the compression 
of the gasket is monitored with linear differential transformers during the 
entire test.) 
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At the conclusion of Phase I, the leakage is very low; however, it is 
caused by a pressure differential of one atmosphere only. As the internal 
pressure is increased, more leakage is expected. If the gasket system has 
attained a low leakage by good mating of the interfaces, then the increase in 
leakage with increasing pressure should flow a smooth curve. 
age is attained by a foreign particle in a potential leak path or by a thin 
mating barrier, then it is possible for the leakage to increase drastically 
with pressure. To insure that the low leakage is due to proper mating and to 
gain a leakage-pressure relationship for a given applied normal stress, Phase 
I1 is included in the test. 
1150 psi. The leakage-internal pressure relation also shows whether the 
leakage flow is in the viscous or molecular range. (Viscous flow exhibits a 
leakage -pressure squared relationship while molecular flow shows a linear 
leakage-pressure relation.) 

If the low leak- 

Pressure pi is increased in increments up to 

It can be adjudged from the Phase I1 test how good a seal exists 
under the terminal mating and peak stress for a practical internal pressure. 
Under certain conditions ~: 'EFP data can be extrapolated to show leakage for 
even higher internal pressures. 

at the conclusion of Phase 11, the leakage at that time is very 
high (710"' cdsec) , then the load is increased to reduce the leak to a toler- 
able one (say cc/sec). A new terminal deformation is achieved, along with 
a new terminal load. 

It must be noted that the nominal normal gasket stress is not kept 
truly constant during the test; however, it does not vary by more than about 
10%. As the internal pressure is increased, the resultant downward force for 
a given testing machine load decreases by the(pressure X arealvertical load. 
However, to show the phenomenon, the normal stress can be assumed constant. 



35.3.3.3 Phase I11 

In a conventional flat gasket connector, a common occurence is that 
the normal load on a gasket decreases with time. Such can occur due to creep 
of the bolt, creep of the gasket, external forces being applied, changes in 
temperature, changes in internal pressure, and a host of other phenomena. 

Hence, for a given plastic deformation of a gasket (which has de- 
formed to attain a low leakage rate of the joint), it is of interest to discern 
the sensitivity of the joint to removal of load. 
removal of normal load in increments while recording the leakage at each stage. 
To reduce the possibility of a "catastrophic tragedy" should the seal blow out, 
the internal pressure is reduced to 500 psi (or lower in some tests). 
at a constant pressure, load is removed down to approximately twice the in- 
ternal-pressure vertical load (for safety reasons). 

Thus, Phase I11 consists of 

Hence, 

At the end of Phase 111, the internal pressure is dropped and the 
residual load is removed, thus concluding the test. Figure 35.10 ~hows graphi- 
cally the chronological phases of the experiment. 

FIGURE 35.10 Testing Procedure 

t 

INTERNAL PRESSURE pi (PSI) 
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3 6 .  EXPERIMENTAL DATA AND RESULTS 

by 
F.O. Rathbun, Jr. and G.W. Sarney 

3 6 . 0  Summary 

The experimental work has been accomplished in three phases - each phase 
associated with a different type of gasket material. 
first utilized, followed by plastics and then rubber-like materials. The data 
accumulated from the tests are presented in this section. The results for each 
gasket material group are presented separately. Observations, comparisons with 
theory, evaluation of test data, and recommendations are made in Section 37. 

Metal gaskets were 

7 4 
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36.1 Experimental Results - Metal Gaskets 
36.1.1 List of Experiments 

For each metal gasket material utilized, four different sealing 
surfaces were employed. 
base material were employed for sealing surfaces. The yield strengths of 
each being much higher than the gasket yield strengths, random combinations 
of sealing-surface specimens and gasket materials were made. 
made to match a particular gasket material to a particular sealing-surface 
material. 

Both 347 stainless steel and 2024(24S)T4 aluminum 

No attempt was 

Efforts have been made, however, to insure that the surface finishes 
used for each gasket were nearly identical (for a given type finish). Whenever 
the sealing surface was damaged in the gasket compression process, a new 
surface finish was placed on the sealing surface. Profilometer traces were 
made of each surface used to insure its adequacy and similarity with previous 
surfaces of that type. The four surfaces employed in the metal gasket tests 
were 

(a) Diamond burnished surfaces (DB) with approximately a 4 micro- 
inch rms surface finish, diamond burnishing accomplished 
circumferentially. A typical radial profile of such a surface 
is shown in Figure 36.1. 

Radially ground surface (RG), with approximately a 55 micro-inch 
rms finish, Grind marks run in 2-inch-diameter arcs from the 
center of the test apparatus to the edge, resulting in approxi- 
mately straight radial asperities across the gasket width. A 
typical circumferential profile of such a surface is shown in 
Figure 36.2. 

Fine circumferentially machined surface (FM); purely concentric 
profile, no lead used in the machining process, pitch equal to 
0.002 inch, nearly a wedge-shaped profile with a 100 micro-inch 
rms finish. A typical radial profile is shown in Figure 36.3. 

Coarse circumferentially machi.ned surface (CM) purely concentric 
profile, no lead used in the machining process, pitch equal to 
0.003 inch, nearly a wedge-shaped profile with a 300 micro-inch 
rms finish. A typical radial profile is shown in Figure 36.4. 

The surface profile on the annular gaskets was recorded only in the case of 
aluminum, copper, and nickel (the three with the highest yield strengths). 
For these gaskets, the profile was a normally machined circumferential profile, 
roughly wedge-shaped, with approximately a 33 micro-inch rms finish. The 
machining was done with a normally applied lead of 0.001 inch. 
typical profile is shown in Figure 36.5. 
on the lead and indium gaskets due to the softness of the material and the 
ready deformation of the surface under compression. 

Such a 
No surface machining was attempted 

75 
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The i n i t i a l  gaske t  geometry was t h e  same i n  a l l  c a s e s :  
+ i n s i d e  diameter 0.937 - 0,0005 i n .  
+ o u t s i d e  diameter 1 .187  - 0,0005 i n .  

t h i c  kne s s 0.060 5 0.001 i n .  

The combinations of metal  gaske t s  and s u r f a c e s  t e s t e d ,  and producing u s e f u l  
d a t a ,  a r e  l i s t e d  i n  Table 36.1. Ea r ly  t e s t s  w i th  indium were h e l p f u l  i n  e s t a b l i s h i n g  
experimental  procedure.  The Roman numerals l i s t e d  a r e  t h e  t e s t  numbers. 

TABLE 36.1 Mater ia l -Surface F i n i s h  Combinations 

Sea l i n g  Sur face  M a t e r i a l  
2024( 24S)T4 A 1  347 s .s;  

Casket 
Mater ia  1 D. B. 

Indium 

Lead IX 

Aluminum 

Copper 

Nickel  X 

-& 
R. G. -- 

XVI 

XIV 
XI I 

w 
I?. M. c.  M. 

:VI I I 

XI x 

1). B. 

XI 

VI 

XI11 

xv 

su 
R. G. 
I11 

VI1 , 
VI11 

LaLLl3 
F. M. 

XX 

XXI 

XXI I 

ish 
C. M. 

XVI I 

36.1.2 Experimental  Leakage Rates - Metal Gaskets 

A s  o u t l i n e d  i n  S e c t i o n  35.3.3, t h e  leakage experiment i s  accomplished 
i n  t h r e e  phases:  Phase I - i n c r e a s i n g  gasket  s t r e s s  w i th  a one-atmosphere 
p r e s s u r e  d i f f e r e n t i a l  a c r o s s  the  s e a l ;  Phase I1 - i n c r e a s i n g  i n t e r n a l  pres-  
s u r e  f o r  a given gasket  s t r e s s ;  and Phase I11 - dec reas ing  gasket  s t ress  
while  i n t e r n a l  p r e s s u r e  i s  maintained a t  a cons t an t  l e v e l .  So  t h a t  t h e  
leakage phenomenon occur r ing  during each phase can be eva lua ted ,  s e p a r a t e  
t r a c e s  o f  leakage r a t e  i n  terms o f  t h e  v a r i e d  parameter during each phase 
have been p l o t t e d ,  

During Phase I, leakage r a t e  v a r i e s  as a func t ion  of t he  i n c r e a s i n g  
nominal gasket  s t ress .  Since t h e  q u a n t i t y  t o  be viewed as a p o s s i b l e  
meaningful parameter i s  t h e  y i e l d  s t r e n g t h  of t he  gasket  m a t e r i a l ,  t h e  s t r e s s  
has been normalized by d i v i s i o n  of each s t r e s s  by t h e  y i e l d  s t r e n g t h  of t h e  
gasket  material under t e s t .  During each t e s t ,  two parameters have, by 
necess i ty ,been  cons t an t :  s u r f a c e  f i n i s h  of t h e  s e a l i n g  s u r f a c e s  and gaske t  
m a t e r i a l .  Hence, i t  i s  of i n t e r e s t  t o  observe t h e  e f f e c t  of each of t h e s e  
when making comparisons. A s  i s  desc r ibed  i n  S e c t i o n  34.2, t h e  s t r e s s  a t  
which y i e l d i n g  occurred during t h e  t e s t s  v a r i e d  as compared wi th  t h e  y i e l d  
s t r e n g t h  as determined by t e n s i l e  t e s t s .  Thus, f o r  Phase I d a t a ,  t h e  com- 
p r e s s i v e  y i e l d  s t ress  as determined during t h e  t e s t s  was used as a 
normalizing f a c t o r ,  The Phase I r e s u l t s  a r e  p l o t t e d  i n  F i g s .  36.6 through 
36.9. 
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During Phase 11, t h e  leakage ra te  v a r i e d  as a func t ion  o f  t h e  i n t e r n a l  
p re s su re .  I n  each  case ,  t h e  i n t e r n a l  p re s su re  a t  t h e  s t a r t  o f  Phase I1 
was 14.7 p s i .  I n  a l l  cases, 1150 p s i  was a goa l  f o r  t h e  u l t i m a t e  p re s su re .  
However, i n  some cases, such a peak could not  be a t t a i n e d  due t o  extremely 
h igh  leakage ra tes  a t  lower p re s su res .  Also,  i n  some cases, no i n c r e a s e  i n  
leakage w a s  evidenced u n t i l  t h e  i n t e r n a l  p re s su re  exceeded 14.7 p s i  by a 
l a r g e  amount. I n  s t i l l  o t h e r  cases, leakage dropped o f f  a t  h igh  p res su res  
due t o  t h e  c l o s i n g  o f f  of  some passages.  The d a t a  a r e  aga in  grouped, as was 
t h e  case f o r  Phase I. I t  must be noted  t h a t  t h e  t e rmina l  tes t ing-machine 
load dur ing  Phase I i s  maintained dur ing  Phase 11. Hence, two p o i n t s  must 
be considered.  The load dur ing  Phase I1 i s  d i f f e r e n t  f o r  each  t e s t ,  s i n c e  
i t  i s  a func t ion  of  what load  caused s e a l i n g  ac ross  a one-atmosphere pres-  
s u r e  d i f f e r e n t i a l .  Also,  s i n c e  i t  i s  t h e  tes t ing-machine load which i s  
maintained cons t an t ,  t h e  a c t u a l  normal gaske t  stress w i l l  decrease  s l i g h t l y  
due t o  t h e  i n c r e a s i n g  p r e s s u r e  dur ing  Phase 11. The change i n  normal stress 
i s  q u i t e  small ,  however, s o  t h a t  t h i s  s t ress  can be cons idered  roughly 
cons t an t  dur ing  t h i s  t e s t .  Such i s  t r u e  due t o  t h e  h igh  machine load  ex- 
i s t i n g  a t  t h i s  t i m e  and t h e  small a r e a  over  which t h e  i n t e r n a l  p r e s s u r e  
ac t s ,  S ince  t h e  stress e x i s t i n g  dur ing  Phase I i s  n e a r l y  cons t an t ,  i t  i s  
seen  t h a t  Phase I1 shows t h e  s e n s i t i v i t y  of a cons t an t  sea l  geometry t o  
i n c r e a s i n g  p res su re .  The r e s u l t s  of  t h i s  phase are p l o t t e d  i n  F igs .  36.10 
through 36,13, 

For Phase 111, i n  which t h e  s e n s i t i v i t y  of  t h e  sea l  t o  decreas ing  
normal load i s  explored,  t h e  leakage r a t e  i s  p l o t t e d  as a func t ion  of  normal 
gaske t  load.  During t h i s  phase,  t h e  i n t e r n a l  p r e s s u r e  was maintained a t  an  
a r b i t r a r y  v a l u e  of  500 p s i .  The d a t a  are  grouped by sea l ing - su r face  f i n i s h .  
I n  t h i s  case, t h e  s t ress  has been normalized by t h e  t e n s i l e - t e s t  y i e l d  
s t r e n g t h s .  I t  must be noted t h a t ,  ch rono log ica l ly ,  t h e  events  graphed read  
from r i g h t  t o  l e f t ,  i a e o ,  from high s t r e s s  toward low s t r e s s .  The r e s u l t s  
o f  Phase I11 are p l o t t e d  i n  F igs .  36,14 through 36.17, 

36 .1 ,3  Vi sua l  I n s p e c t i o n  of Mated Surfaces  

Each s e a l i n g  su r face ,  r ega rd le s s  o f  s u r f a c e  f i n i s h ,  w a s  marked w i t h  
a s t y l u s  i n  four  l o c a t i o n s  p r i o r  t o  t h e  leakage experiment.  The marks w e r e  
pos i t i oned ,  one i n  each quadrant ,  such t h a t  t hey  l a y  e i t h e r  n e a r  t h e  c e n t e r  
of  t h e  gaske t  area o r  a t  a p o i n t  near  a gaske t  edge. I n  a l l  cases, t h e  
mark w a s  v e r y  s m a l l  compared w i t h  t h e  gaske t  width,  thus p rec lud ing  a po- 
t e n t i a l  continuous leakage p a t h  a c r o s s  t h e  sea l .  

During t h e  gaske t  compression, t h e  e n t i r e  s e a l i n g  s u r f a c e  was i m -  
p re s sed  onto t h e  gaske t s  t o  a c e r t a i n  degree.  The s t y l u s  mark a l s o  became 
a f e a t u r e  on t h e  gaske t .  Hence, upon completion of  t h e  leakage experiment,  
i n s p e c t i o n  and comparison of bo th  t h e  gaske t  s u r f a c e  and t h e  s e a l i n g  s u r f a c e  
could be made a t  four  p o i n t s  of  mating. I n  areas near  t h e  s t y l u s  mark, t h e  
a c t u a l  mating of  t h e  s u r f a c e s  could be examined. Such w a s  done i n  a l l  
cases; h igh-magni f ica t ion  photographs were taken  of  bo th  s e a l i n g  s u r f a c e s  
ana both  s i d e s  of t h e  gaske t .  Where p o s s i b l e ,  i n t e r f e r e n c e  photos were 
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t aken  (not  p o s s i b l e  when t h e  s e a l i n g  s u r f a c e  was extremely rough).  A l l  
of  t h e  photographs y i e lded  informat ion  concerning t h e  degree of  mating 
a t t a i n e d  i n  t h e  experiments .  I n  t h i s  r e p o r t ,  however, on ly  s e l e c t e d  
photographs are  p resen ted  t o  i l l u s t r a t e  some of t h e  conclus ions  drawn. 

F igu res  36.18 through 36.25 show diamond burnished s e a l i n g  s u r f a c e s  
a f t e r  mating w i t h  four  c l i f fe ren t  gaske t  m a t e r i a l s .  The mated gasket  mat- 
e r i a l s  are  a l s o  shown, a long  w i t h  t h e  nominal normal s t ress  which caused 
the  degree o f  mating a t t a i n e d .  

F igu res  36.26 and 36.27 show t h e  degree of  mating a t t a i n e d  w i t h  a 
r a d i a l l y  ground s e a l i n g  s u r f a c e  and a l ead  gaske t .  

F igures  36.28 through 36.34 show an aluminum gaske t  a f t e r  a leakage 
t e s t  w i th  a r a d i a l l y  ground s t a i n l e s s - s t e e l  s e a l i n g  su r face .  Two l o c a t i o n s  
are  shown, one near  t h e  c e n t e r  of  t h e  gaske t  area, and one n e a r  t h e  eage.  
A comparison can be made as t o  t h e  v a r i a t i o n  i n  mating a t  t h e  two loca t ions .  
Three d i f f e r e n t  magni f ica t ions  are  shown t o  i l l u s t r a t e  t h e  phenomenon. 
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FIGURF: 3 6 . 1  

Typical radial profile of diamond 
burnished sealing surface. 

Vertical Scale: 10 micro-inches 
between light lines. 

Horizontal scale: 0.01 inch 
between heavy lines. 

FIGURE 3 6 . 2  

Typical circumferential profile 
of radially ground sealing surfai 

Vertical Scale: 50 micro-inches 
between light lines. 

between heavy lines. 
Horizontal Scale: 0.01 inch 
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b'IGURE 3 6 . 3  

Typical radial profile of fine 
machined sealing surface. 
Vertical Scale: 50 micro-inches 

between light lines. 

Horizontal Scale: 0.01 inch 
between heavy lines, 

FIGURE 3 6 . 4  

Typical radial profile of coarse 
machined sealing surface. 

Vertical Scale: 100 micro-inches 
between light lines. 

Horizontal Scale: 0.01 inch 
between heavy lines. 
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FIGURE 36.5 
Typical radial profile of Al, Cu 
and Ni gaskets. 

Vertical Scale: 50 micro-inches 

Horizontal Scale: 0.01 inch 

between light lines. 

between heavy lines. 
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NOMINAL NORMAL STRESS/O.2% YIELD STRESS (LEAK TEST DATA) 
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FIGURE 36.8 LEAKAGE RESULTS - PHASE I, F I N E  MACHINED SURFACE F I N I S H  
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FIWRF, 36.10 LEAKAGE RESULTS - PHASE 11, DI&OM> BURNISHED SURFACE F I N I S H  
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FIGURE 36.11 LEAKAGE RESULTS - PHASE 11, RADIALLY GROUND SURFACE F I N I S H  
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FIGURE 36.12 LEAKAGE RESULTS - PHASE 11,- 
FINE CIRCUMFERENTIAL MACHINED SURFACE FINISH 

D 

SEAL PRESSURE DIFFERENTIAL, P S I  
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FIGURE! 36.13 LEAKAGE RESULTS - PHASE 11, 
COARSE CIRCUMFERENTIAL MACHINED SURFACE F I N I S H  

-differed from test to test. 

400 800 1200 
SEAL PRESSURE DIFFERENTIAL, P S I  
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FIGURE 36.14 LEAKAGE RESULTS - P W E  111, DIAMOND BURNISHED SURFACE FINISH 
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FIGURE 36.16 
FINE CIRCUMFERENTIAL MACHINED SURFACE FINISH 

LEAKAGE RESULTS - PHASE 111, 
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FIGURE 36.18 Diamond burn ished  s t a i n l e s s  s t e e l  s e a l i n g  s u r f a c e  used 
i n  Test  I X  w i t h  a l e a d  g a s k e t .  Magn i f i ca t ion :  0.00194 
i n c h  between s c a l e  marks. I n t e r f e r e n c e  l i n e s  11.8 
micro- i nches  apa r t .  

FIGURE 36.19 Lead g a s k e t  used i n  T e s t  I X  w i t h  diamond burn i shed  
s t a i n l e s s  s t e e l  s e a l i n g  s u r f a c e  (FIG. 18) 
Magn i f i ca t ion :  0.00194 i n c h  between s c a l e  marks. 
I n t e r f e r e n c e  l i n e s  11.8 micro- inches  a p a r t .  Maximum 
nominal normal gaske t  s t ress  - 1.42  x 0.2% YIELD 
STRENGTH (LEAK TEST DATA) 
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FIGURE 36.20 Diamond burnished stainless steel sealing surface used 
in Test X with a nickel gasket. Magnification: 0.00194 
inch between scale marks. Interference lines 11.8 
micro-inches apart. (Same surface as used with lead gasket 
in Test IX, FIG. 36.18) 

FIGURE 36.21 Nickel gasket used in Test X with diamond burnished 
stainless steel sealing surface. (FIG. 36.20) Magnification: 
0.00194 inch between scale marks. Interference lines 
11.8 micro-inches apart. Maximum nominal normal gasket 
stress - 1.27 x 0.2% yield strength (LEAK TEST DATA) 

36-22 



FIGURE 36.22 Diamond burnished aluminum sealing surface used in 
Test XI11 with aluminum gasket. Magnification: 0.00194 
inch between scale marks. Interference lines 11.8 
micro-inches apart, 

FIGURE 36-23 Aluminum gasket used in Test XI11 with diamond burnished 

Maximum nominal normal gasket 
sealing surface (FIG. 36.22) Magnification: 0.00194 
inch between scale marks. 
stress - 1.27 x 0.2% YIELD STRENGTH (LEAK TEST DATA) 
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FIGURE 3 6 . 2 4  Diamond burnished aluminum sealing surface used in Test XV 
with copper gasket. 
scale marks. 

Magnification = 0.00194 inch between 

FIGURE 3 6 . 2 5  Copper gasket used in Test XV with diamond burnished 
aluminum sealing surface, (FIG,  3 6 . 2 4 )  Magnification: 
0.00194 inch between scale marks. Photo taken at 
outside edge of gasket. Maximum nominal normal gasket 
stress - 2.05 x 0 . 2 % .  YIELD STRENGTH (LEAK TEST DATA) 

9 7 
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FIGURE 36.26 Radially ground aluminum sealing surface used in Test VI1 
with lead gasket. Magnification: 0.00482 inch between 
scale marks. 

FIGURE 36.27 Lead gasket used in Test VI1 with radially ground aluminum 
sealing surface (FIG. 36.26). Magnification: 0.00482 inch 
between scale marks. Maximum nominal normal gasket stress - 
1.27 x 0.2% YIELD STRENGTH (LEAK TEST DATA) 
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FIGURE 36.28 Photomicrograph of aluminum gasket after leakage 
test with radially ground 347 stainless steel 
sealing surface; - Test XVI. Photo near center of 
gasket width. 
Magnification: 0.0125 inch between scale marks 
Maximum nominal normal gasket stress - 2.52 x 0 2% 
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 36.29 Photomicrograph of aluminum gasket after leakage test 
with radially ground 347 stainless steel sealing 
surface; - Test XVI. Photo near edge of gasket. 
Magnification: 0.0125 inch between scale marks. 
Maximum nominal normal gasket stress - 2.52 x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 

6,: :> L 
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FIGURE 36.30  Photomicrograph of aluminum gasket after leakage test 
with radially ground 347 stainless steel sealing surface; 
- Test XVI. Photo near center of gasket width. 
Magnification: 0.00482 inch between scale marks. 
Maximum nominal normal gasket stress - 2 . 5 2  x 0 . 2 %  
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 3 6 . 3 1  Photomicrograph of aluminum gasket after leakage test 
with r;dially ground 347 stainless steel sealing 
surface; - Test XVI. Photo near edge of gasket. 
Magnification: 0 . 0 0 4 8 2  inch between scale marks. 
Maximum nominal normal gasket stress - 2 . 5 2  x 0.2'" 
YIELD STRENGTH (LEAK TEST DATA) 

109 
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FIGURE 3 6 . 3 2  Photomicrograph of  aluminum g a s k e t  a f t e r  leakage t e s t  
w i t h  r a d i a l l y  ground 347  s t a i n l e s s  s t e e l  s e a l i n g  s u r f a c e ;  
- Test  X V I .  Photo n e a r  c e n t e r  of  g a s k e t  wid th .  
M a g n i f i c a t i o n :  0.00192 i n c h  between s c a l e  marks. 
Maximum nominal normal g a s k e t  s t ress  - 2 . 5 2  x 0 . 2 %  
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 3 6 . 3 3  Photomicrograph of  aluminum g a s k e t  a f t e r  leakage  t e s t  
w i t h  r a d i a l l y  ground 347  s t a i n l e s s  s t e e l  s e a l i n g  s u r f a c e ;  
- T e s t  X V I .  Photo n e a r  edge o f  g a s k e t .  
M a g n i f i c a t i o n :  0.00192 i n c h  between s c a l e  marks. 
Maximum nominal normal g a s k e t  s t ress  - 2 . 5 2  x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 
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FIGURE 36.34a I n t e r f e r e n c e  photomicrograph o f  aluminum gaske t  
a f t e r  leakage  t e s t  w i t h  r a d i a l l y  ground 347 s t a i n l e s s  
s t e e l  s e a l i n g  s u r f a c e ;  - Tes t  X V I .  Photo nea r  c e n t e r  
o f  gaske t  wedth. Magn i f i ca t ion :  0.00192 i n c h  between 
scale  marks,  I n t e r f e r e n c e  l i n e s  11.8 micro inches  a p a r t .  
Maximum nominal normal gaske t  s t r e s s  - 2.52 x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 36.34b I n t e r f e r e n c e  photomicrograph of aluminum g a s k e t  a f t e r  
leakage  t e s t  w i t h  r a d i a l l y  ground 347 s t a i n l e s s  s t e e l  
s e a l i n g  s u r f a c e ;  - Test X V I .  Photo n e a r  edge o f  gaske t .  
Magn i f i ca t ion :  0.00192 i n c h  between s c a l e  marks. 
I n t e r f e r e n c e  l i n e s  11.8 micro inches  a p a r t .  
Maximum normal nominal gaske t  s t r e s s  - 2.52 x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 
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36.2 Experimental Resu l t s  - P l a s t i c  Gaskets 

The experimental  r e s u l t s  f o r  p l a s t i c  gaskets  a r e  organized i n  t e r m s -  
of t h e  gaske t - f l ange  c o n f i g u r a t i o n  f o r  s e a l i n g  s u r f a c e  mating and t e s t  
cond i t ions  used t o  i n v e s t i g a t e  t h e  va r ious  gasket  phenomena. 

36.2.1 S e a l i n g  Sur faces  

and 2024(24S)T4 aluminum s e a l i n g  s u r f a c e s .  The y i e l d  s t ress  of t h e  f l ange  
m a t e r i a l s  i s  s e v e r a l  times t h a t  of t he  p l a s t i c  gaske t s  so  t h a t  mating w i l l  
occur through compliance of t h e  p l a s t i c  m a t e r i a l  t o  t h e  s u r f a c e  of t h e  f l ange  
material. Therefore ,  t h e  only t e s t  con f igu ra t ion  v a r i a b l e s  a f f e c t i n g  mating 
a t  t he  i n t e r f a c e  a r e  t h e  f l ange  s u r f a c e  f i n i s h  and the  p l a s t i c  gasket  m a t -  
e r i a l .  The t h r e e  d i f f e r e n t  s u r f a c e  f i n i s h e s  on t h e  f l ange  m a t e r i a l  used on 
t h e  p l a s t i c  gaske t  t e s t s  a r e  desc r ibed  below. 

The p l a s t i c  gasket  m a t e r i a l s  were mated wi th  347 s t a i n l e s s  s t e e l  

( a )  The f i r s t  s u r f a c e  w i l l  be def ined as a medium-roughness c i r -  
c u m f e r e n t i a l l y  machined f i n i s h .  The roughness i s  c a l l e d  
medium i n  r e fe rence  t o  the  f i n e  and coa r se  roughness f i n i s h e s  
used i n  t h e  metal  gasket  tes ts .  The c o n c e n t r i c  grooves were 
machined wi th  no l ead  and wi th  a p i t c h  of .002 inch, The 
r e s u l t  i s  an approximately wedge-shaped p r o f i l e  w i th  a 150 
micro-inch r . m . s .  roughness. A t y p i c a l  p r o f i l e  t r a c e  of t h i s  
s u r f a c e  f i n i s h  made by t h e  Taylor-Hobson "Talysurf" i s  shown 
i n  F igu re  3 6 . 3 5 .  

(b) I) A diamond burn i sh  f i n i s h  was made by a c i r c u m f e r e n t i a l  rubbing 
w i t h  a diamond t o o l .  This process  produces a ve ry  smooth 
s u r f a c e  wi th  approximately a 5 micro-inch r . m . s .  roughness. 
Typical  "Talysurf" p r o f i l e s  a t  high magn i f i ca t ion  a r e  shown 
i n  F igu res  36.37 and 36.38. 

( c )  A r a d i a l l y  ground s u r f a c e  f i n i s h  was produced by a t o o l  c u t t i n g  
on a 2-inch r a d i u s  t o  produce approximately s t r a i g h t - l i n e  
grooves i n  t h e  r a d i a l  d i r e c t i o n .  These grooves had a .003 
i n c h  p i t c h  and approximately a 40 micro-inch r . m . s .  rough- 
ness .  A t y p i c a l  "Talysurf" p r o f i l e  taken i n  t h e  t a n g e n t i a l  
d i r e c t i o n  i s  shown i n  F igu re  36.36. 

The t h r e e  s u r f a c e  f i n i s h e s  were on d i f f e r e n t  f l a n g e  m a t e r i a l s , b u t  
t h i s  i s  no t  a f a c t o r  i n  the s e a l i n g  p r o c e s s , s i n c e  both f l ange  m a t e r i a l s  
appear as r i g i d  bodies t o  t h e  s o f t  p l a s t i c  m a t e r i a l s .  I n s p e c t i o n  of t he  
f l ange  s u r f a c e  f i n i s h  a f t e r  each t e s t  showed t h a t  t h e  f i n i s h  was not damaged. 
This  obse rva t ion  allowed the  d i f f e r e n t  p l a s t i c s  and l a t e r  t h e  v a r i o u s  rubber- 
l i k e  materials t o  be t e s t e d  on t h e  same f i n i s h  f o r  each of t h e  t h r e e  types 
of s u r f a c e s  discussed.  
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FIGURE 3 6 . 3 5  
circumferential machined surface 

Typical "Talysurf" radial profile 

Vertical Scale: 50 micro-inches 
between light lines 

between heavy lines 
Horizontal Scale: .01 inch 

FIGURE 3 6 . 3 6  
radially machined surface 

Typ ica 1 'I Ta 1 y sur f I' c ircumf eren t i a 1 
profile 

Vertical Scale: 20 micro-inches 
between light lines 

Horizontal Scale: .01 inch 
between heavy lines 

1 0.1 
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FIGURE 36.37 
diamond burnished finish 

Typical "Talysurf" radial profile 

Vertical Scale: 10 micro-inches 
between light lines 

between heavy lines 
Horizontal Scale: .01 inch 

FIGURE 36.38 
diamond burnished finish 

Typical "Talysurf" radial profile 
Vertical Scale: 5 micro-inches 

between light lines 

between heavy lines 
Horizontal Scale: .01 inch 
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L i s t e d  i n  Table 3 6 . 2  i s  the  schedule  of t e s t s  conducted wi th  r e fe rence  
t o  s e a l i n g  s u r f a c e  f i n i s h  and p l a s t i c  gaske t  m a t e r i a l .  

Gasket S e a l i n g  Surf ace F i n i s h  
, M a t e r i a l  C i r cumfe ren t i a l  Diamond Rad ia l ly  

Machininx Burnished Ground 

KEL-F81 P- 1 P- 6 P- 10 

Saran P- 2 P- 7 P- 11 

Tef lon-FEP P- 4 P-8  P- 1 2  

Teflon- TFE P- 5 P- 9 P- 13 

Duroid- 5600 P- 3 

TABLE 36.2 PLASTIC TEST SCHEDULE 

3 6 . 2 . 2  Experimental  Leakage Rates 

i s  o u t l i n e d  i n  s e c t i o n  3 5 . 3 . 3  of t h i s  r e p o r t .  The r e s u l t s  a r e  r e p o r t e d  
q u a n t i t a t i v e l y  i n  t h e  form of leakage values  as a func t ion  of t he  tes t  
v a r i a b l e s  and q u a l i t a t i v e l y  i n  the  form of s u r f a c e  p r o f i l e  obse rva t ions  
which show t h e  degree of mating a t  t h e  i n t e r f a c e .  The experiments were con- 
ducted i n  t h r e e  phases,  each i n v e s t i g a t i n g  important gasket phenomena. 

The experimental  procedure used f o r  t h e  p l a s t i c  gaske t  m a t e r i a l s  

The r e s u l t s  of Phase I show t h e  leakage as a func t ion  of t he  gaske t  
s t r e s s  w i t h  a one-atmosphere p r e s s u r e  d i f f e r e n c e  maintained a c r o s s  the  
seal. The stress parameter has been normalized by d i v i d i n g  t h e  a c t u a l  s t r e s s  
by t h e  , 2% compressive y i e l d  s t r e s s  ob ta ined  from t h e  d a t a  of each t e s t .  
The Phase I r e s u l t s  f o r  each gasket  m a t e r i a l  w i th  va r ious  s u r f a c e  f i n i s h e s  
grouped t o g e t h e r  are p resen ted  i n  F igu res  3 6 , 3 9  through 3 6 . 4 2 .  These graphs 
show t h e  g e n e r a l  s t r e s s  l e v e l  needed t o  s e a l  each gasket  and the  e f f e c t  of 
t he  s e a l i n g  s u r f a c e  f i n i s h .  The Phase I r e s u l t s  f o r  t h e  c i r c u m f e r e n t i a l  
machined s u r f a c e  f i n i s h  wi th  a l l  t h e  gasket  m a t e r i a l s  grouped t o g e t h e r  are pre-  
s en ted  i n  F igu re  3 6 . 4 3 .  This graph compares the  r e l a t i v e  s e a l i n g  a b i l i t y  
of each gaske t .  

The r e s u l t s  of Phase I1 show the  leakage as a func t ion  of t h e  
p r e s s u r e  d i f f e r e n t i a l  ac ross  the  s e a l  w i t h  t h e  normal gasket  s t r e s s  he ld  
cons t an t .  F igu re  3 6 . 4 4  shows the  s e n s i t i v i t y  t o  p r e s s u r e  f o r  t he  s e a l  
ob ta ined  i n  Phase I as a func t ion  of gasket  m a t e r i a l s  on t h e  c i r c u m f e r e n t i a l  
machined s u r f a c e  f i n i s h .  The i n s e n s i t i v i t y  he re  i s  a l s o  c h a r a c t e r i s t i c  o f  
t h e  o t h e r  s u r f a c e  f i n i s h e s .  

The r e s u l t s  of Phase I11 show the  s e n s i t i v i t y  of leakage t o  t h e  re-  
moval of load wi th  t h e  p r e s s u r e  d i f f e r e n c e  ac ross  t h e  s e a l  maintained con- 
s t a n t .  F igu res  3 6 . 4 5  through 3 6 . 4 7  show the  s e n s i t i v i t y  t o  removal of load 
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for the various plastic materials grouped on the same surface finish. 

The qualitative results are presented in Figures 3 6 . 4 8  through 3 6 . 5 3  
as a set of "Talysurf" profilometer traces showing the gasket material before 
and after test. 
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FIGURE 36.39 LEAKAGE RESULTS - PHASE I 
KEL-F81 Gasket Mated With Various Surfaces 
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FIGURE 36 .40  LEAKAGE RESULTS - PHASE I 
Saran Gasket Mated With Various Surfaces 

All Tests With 1 ATM Pressure of Helium Across Seal 

0 0.5 1.0 1.5 2.0 

NOMINAL NORMAL STRESS/O.2% YIELD STRESS 
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FIGURE 36.41 LEAKAGE RESULTS - PHASE I 
Teflon - FEP Gasket Mated With Various Surfaces 

All Tests With 1 ATM Pressure of Helium Across Seal 
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FIGURE 3 6 . 4 2  LEAKAGE RESULTS - PHASE I 
Teflon-TFE Gasket Mated With Various Surfaces 

All Tests With 1 ATM Pressure of Helium Across Seal 
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FIGURE 36.44 LEAKAGE RESULTS - PHASE If 
Various Gaskets Mated With Circumferential Machined Surface 

Pressure Gradually Increased to Maximum 
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FIGURE 3 6 . 4 6  LEAKAGE RESULTS - PHASE I11 
Various Plastics Mated With Diamond Burnished Finish 

All Tests With Approximately 1000 psi Pressure Across Seal 

0.5 1.0 1.5 2.0 
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FIGURE 36.47 LEAKAGE RESULTS - PHASE 111 
Various Gaskets Mated With Radially Ground Finish 

All Tests (Except Teflon-TFE)With 1100 psi Pressure Across Seal 
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FIGURE 36.48 
KEL-F81 gasket before test 

Typical "Talysurf" radial profile 

Vertical Scale: 50 micro-inches 
between light lines 

Horizontal Scale: .01 inch 
between heavy lines 

FIGURE 36.49 
KEL-F81 gasket after test 
mating with circumferential 
machined surface 

Typical "Talysurf" radial profile 

Vertical Scale: 50 micro-inches 

Horizontal Scale: .01 inch 
between light lines 

between heavy lines 
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FIGURE 36.50 
KEL-F81 Gasket after test 

mating with diamond burnished finish 

Typical "Talysurf" radial profile 

Vertical Scale: 50 micro-inches 
between light lines 

Horizontal Scale: .01 inch 
between heavy lines 

FIGURE 36.51 
KEL-F81 gasket after test 

mating with radially ground finish 

Vpica 1 "Talysurf 'I c ircumf erent ia 1 

Vertical Scale : 50 micro- inches 

profile 

between light lines 

between heavy lines 
Horizontal Scale: .01 inch 
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FIGURE 36.52 
Duro id- 5 600 Gasket before test 
ical "Talysurf" radial profile 

tical Scale: 100 micro-inches 
between light lines 

between heavy lines 
izontal Scale: .01 inch 

FIGURE 36.53 
Duroid-5600 Gasket after test mating 
with circumferentially machined surface 

Typical "Talysurf" radial profile 

Vertical Scale: 50 micro-inches 
between light lines 

Horizontal Scale: .01 inch 
between heavy lines 



36.3 

C i rcumfe ren t i a l  
Machining 

E- 1 

E- 2 

Experimental  Resu l t s  - Rubber Gaskets 

Diamond 
Burnished 

E- 5 

The experimental  r e s u l t s  f o r  rubbe r - l i ke  materials are d i scussed  i n  
r e l a t i o n  t o  the  s e a l i n g  s u r f a c e s  used and t h e  normal stress and i n t e r n a l  
p r e s s u r e  loading on the  gasket .  

36.3.1 S e a l i n g  Sur faces  

The d i s c u s s i o n  of s e c t i o n  36.2.1 s i m i l a r l y  a p p l i e s  t o  t h e  rubber 
gasket  tests s i n c e  a s o f t  gasket  was fo rced  t o  comply w i t h  t h e  same s e a l i n g  
s u r f a c e  f i n i s h e s .  

L i s t e d  i n  Table 36.3 i s  the  schedule  of tes ts  conducted f o r  rubber 
gaske t s  w i t h  r e f e r e n c e  t o  s u r f a c e  f i n i s h .  

Gasket 
Materia 1 

V i  t on-A 

Neoprene 

Hypalon 

S i l i c o n e  E- 7 
I 

R a d i a l l y  
Ground 

E- 6 

E- 8 

36.3.3 Experimental  Leakage Rates 

The experimental  procedure p r e v i o u s l y  o u t l i n e d  f o r  metals  and 
p l a s t i c s  had t o  be modified f o r  t h e  rubber gasket  tes ts .  
materials are so  s o f t  t h a t  s u f f i c i e n t  deformation occurred t o  cause mating 
a t  t h e  i n t e r f a c e  when\.a s m a l l  i n i t i a l  l oad  was placed on t h e  gaske t .  Th i s  
i n i t i a l  load was necessa ry  t o  o b t a i n  t h e  vacuum around t h e  appa ra tus  needed 
f o r  mass spectrometer  leakage r ead ings .  The Viton - A ,  neoprene and hypalon 
gaske t s  s e a l e d  be fo re  leakage measurements could be made. The i n t e r n a l  
p r e s s u r e  w a s  then inc reased  i n  an e f f o r t  t o  break t h e  seal .  The seal  would 
break c a t a s t r o p i c a l l y  when t h e  in te rna l  p r e s s u r e  of the 
gaske t  approached t h e  normal s t r e s s  on t h e  gasket .  There was no measurable 
l e a k  through t h e  i n t e r f a c e  of Viton - A ,  neoprene and hypalon f o r  normal 
t e s t  loads and p r e s s u r e s .  SiILccne rubber gaskets,  however, showed a l o w  v a l u e  
of l eak  which was independent of s u r f a c e  f i n i s h  and normal stress as shown 
i n  F igu re  36.34. This  leakage i s  be l i eved  t o  be d i f f u s i o n  of t h e  helium 

The rubbe r - l i ke  
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through the  gaske t  and was p r o p o r t i o n a l  t o  the  i n t e r n a l  p r e s s u r e .  The 
response of t h e  leakage t o  a sudden change i n  i n t e r n a l  p r e s s u r e  was ve ry  
slow, on t h e  o r d e r  of one hour. This time l a g  i s  i n d i c a t i v e  of a d i f f u s i o n  
type process  as compared t o  leakage through holes  a t  t h e  i n t e r f a c e .  

Since t h e  test r e s u l t s  o f  tests E-1,  E-2, E-3, E -5  and E-6 a l l  showed 
t h a t  t h e s e  materials s e a l e d  (when t h e  i n i t i a l  vacuum load was placed on t h e  
gaske t )  independent of s u r f a c e  f i n i s h ,  no f u r t h e r  tes ts  w i t h  t h e s e  combinations 
were run.  
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FIGURE 3 6 . 5 4  LEAKAGE RATES - RUBBER GASKETS 

siPimi?e Rubber on various surface finishes 

One atmosphere pressure dsfference across seal 
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37 EXPERIMENTAL OBSERVATIONS AND CONCLUSIONS 

Forrest 0. Rathbun, Jr. & George W. Sarney 

3 7 . 0  Summary 

In this section, the interpretations of the results of all experimen- 
tal observations are presented. 
are made. 
grouped in separate subsections. 

References to the data found in Section 36 
The conclusions with regard to each type gasket material are 

The important conclusions and recommendations are also summarized 
in Section 31.2. 
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3 7 . 1  Experimental Observations f o r  Metal Gaskets 

37.1.1 ExDerimental Gasket Deformations 

P o s t - l e a k - t e s t  measurements of t he  nominal dimensions of t h e  
gaske t s  show t h a t  t h e  m a t e r i a l  deforms inwardly and outwardly t o  about t h e  
same e x t e n t .  The r a d i a l  deformations inward and outward were i d e n t i c a l  i n  
a l l  ca ses  invo lv ing  the  s t r o n g e r  gasket  m a t e r i a l s  (aluminum, copper,  n i c k e l ) ;  
i n  t h e s e  cases ,  t h e  deformation was s l i g h t ,  however. 

I n  t h e  case  of indium and l ead  where t h e  deformations were g r e a t ,  
t h e  changes i n s i d e  r a d i u s  and o u t s i d e  r a d i u s  were no t  i d e n t i c a l  but q u i t e  
c l o s e ,  Change i n  o u t s i d e  r a d i u s  w a s  s l i g h t l y  l a r g e r  than t h e  change i n  in-  
s i d e  r a d i u s .  I n  these  cases  the  r a t i o  between normal gasket  s t r e s s  and 
i n t e r n a l  p r e s s u r e  was not  as g r e a t  a s  i n  the  former c a s e s .  Hence, t h e  in- 
t e r n a l  p r e s s u r e  had some e f f e c t  on t h e  gasket  deformation. 

I t  can be concluded, however, t h a t  i n  t h e  metal  gasket  t e s t s  t he  
deformation was n e a r l y  a p l ane - s t r a in  phenomenon ( a s  f a r  as gross  deformation 
a r e  concerned),  and t h a t  cu rva tu re  and i n t e r n a l  p r e s s u r e  played ve ry  s m a l l  
r o l e s  i n  determining t h e  geometry of gabket deformation. 

37.1.2 Gasket Material Flow Along I n t e r f a c e s  

T e s t s  w i t h  gaske t  m a t e r i a l s  which underwent l a r g e  p l a s t i c  defor-  
mations (indium, lead)  show t h a t  t he  s u r f a c e s  i n i t i a l l y  i n  con tac t  tend t o  
remain i n  c o n t a c t  and t h a t  t h e  m a t e r i a l  flow r a d i a l l y  tends t o  emanate from 
t h e  i n t e r n a l  p o r t i o n  of t h e  gaske t .  This tendency was noted v i s u a l l y  i n  
e a r l y  t e s t s  where t h e  gasket  s u r f a c e s  were not  thoroughly cleaned.  The 
f i n a l  area of c o n t a c t  showed t h e  o r i g i n a l  " d i r t y "  i n n e r  r eg ion  and a b r i g h t  
o u t e r  r i n g .  I t  can be seen then t h a t  t he  bulk f l o w  occurred as shown i n  
F igu re  37.1.  

0r lgi i :a l  :;-ea 
o f Cot It ac t 

FIGURE 3 7 . 1  Desc r ip t ion  of Large Bulk Gasket Flow 
(For Normal Stress > 7 Yield S t r e s s )  
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From t h i s  obse rva t ion ,  i t  i s  concluded t h a t  t h e  f r i c t i o n  along t h e  
i n t e r f a c e  between gasket  and s e a l i n g  s u r f a c e  p l ays  a major r o l e  i n  the  
a c t u a l  mode of deformation of t he  gaske t .  The problem of t h e  gasket  bulk 
flow then becomes ve ry  s imilar  t o  t h e  P t a n d t l  problem bulk flow of a p u r e l y  
p l a s t i c  m a t e r i a l  between two r i g i d  f l a t  p l a t e s .  The analogy i s  q u i t e  good 
i n  t h e  case  of t he  s o f t  metals and g e n e r a l l y  d e s c r i p t i v e  i n  any case  where 
the  gaske t  y i e l d  s t r e n g t h  i s  much lower t h a t  t h e  s e a l i n g  s u r f a c e  m a t e r i a l  
y i e l d  s t r e n g t h .  

Thus, t he  phenomenon of s e a l i n g  - t h e  c l o s i n g  of t he  space between 
t h e  two s u r f a c e s  - becomes a f f e c t e d  by t h e  f r i c t i o n ,  a t  least  t h a t  p o r t i o n  
of t h e  mating accomplished during gross  gasket  deformation. 

37.1.3 V a r i a t i o n  i n  P l a s t i c  Deformation Across Gasket Width 

I f  t h e  gasket  - s e a l i n g  s u r f a c e  compression phenomenon i s  n e a r l y  
t h e  same as t h e  P r a n d t l  problem phenomenon,then the  normal s t r e s s  d i s t r i -  
bu t ion  on t h e  gasket  s u r f a c e s  w i l l  be of t h e  form shown i n  F igu re  37.2.  
<Ref. 1 5 2 ) .  

Normal S t r e s s  €3 Gasket - Radial  

FIGURE 37.2 Normal S t r e s s  D i s t r i b u t i o n  on Gasket 

The nominal normal s t r e s s  i s ,  of course,  t h e  average va lue  of 
such a d i s t r i b u t i o n ,  and i s  known from the  a p p l i e d  load.  The d i s t r i b u t i o n  
shown i s  predicated on the  gaske t  being pu re ly  p l a s t i c ,  t he  s e a l i n g  s u r f a c e  
being r i g i d ,  and t h e  ends of t h e  gasket  being u n r e s t r a i n e d .  

No c o n t r o l l e d  measurements on the  normal s t r e s s  d i s t r i b u t i o n  were 
made during t h e  i n v e s t i g a t i o n .  However, some obse rva t ions  show t h a t  t he  
d i s t r i b u t i o n  i s  probably c o r r e c t .  During t e s t  XII, where a n i c k e l  gasket  
was used i n  con junc t ion  w i t h  a r a d i a l l y  ground s e a l i n g  s u r f a c e ,  g r e a t  d i f -  
f i c u l t y  was experienced i n  a t t a i n i n g  a low leakage r a t e .  Thus t h e  gaske t  
s t r e s s  was inc reased  t o  a maximum va lue  of 79,150 p s i ,  which i s  2.02 times 
t h e  0.2% y i e l d  s t r e n g t h  of t h e  s t a i n l e s s  s t e e l ,  Hence, g ross  p l a s t i c  defor- 
mation occurred i n  t h e  head and body of t h e  appa ra tus .  An annu la r  shaped 
depression was formed under t h e  gaske t .  I t s  p r o f i l e  was as shown i n  F igu re  
37.3. 
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STAINLESS STEEL SURFACE 

FIGURE 3 7 . 3  Deformation o f  S t a i n l e s s  S t e e l  S e a l i n g  Sur face  

The s i m i l a r i t y  between t h e  depression p r o f i l e  and the  probable s t r e s s  
d i s t r i b u t i o n  on the  gasket  s u r f a c e  (and t h e r e f o r e  t h e  s t e e l )  can be noted.  
Thus, even i n  t h e  case  of n i c k e l ,  t he  s t r o n g e s t  of the gaske t  m a t e r i a l s  used, 
t h e  s t r e s s  d i s t r i b u t i o n  shown i n  F igu re  37.2  seems d e s c r i p t i v e .  

Concomitant w i th  t h e  depression i n  the  s t a i n l e s s  s t e e l  in  t e s t  XII, 
a r e t e n t i o n  of t h e  o r i g i n a l  s u r f a c e  f i n i s h  was noted. While the  s t a i n l e s s  
s t e e l  had deformed g r o s s l y ,  t h e  s u r f a c e  geometry ( a s p e r i t y  d i s t r i b u t i o n )  had 
not .  P r e - t e s t  and p o s t - t e s t  p ro f i lome te r  t r a c e s  showed t h a t  t he  s u r f a c e  had 
changed ve ry  s l i g h t l y .  Only t h e  t i p s  of t he  a s p e r i t i e s  had been rounded 
somewhat.. The r m s  and CLA va lues  of t h e  s u r f a c e  had not  changed apprec iab ly .  

Such a phenomenon can be p r e d i c t e d  from previous experimental  and 
a n a l y t i c a l  (Ref.1) work on r i g i d  d i e s  and p l a s t i c  h a l f  spaces ,  S l i p  l i n e  
theo ry  p r e d i c t s  t h a t  t h e  p l a s t i c  flow w i l l  i n i t i a l l y  occur  a t  a d i s t a n c e -  
beneath t h e  area of c o n t a c t  and  .to. t h e  s i d e s  a s  shown i n  Fig.  3 7 . 4 .  

LOAD 

\ STAINLESS STEEL 1 
FIGURE 3 7 . 4  Probable P l a s t i c  - Elas t ic  Regions 

i n  S t a i n l e s s  S t e e l  
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Such a phenomenon has some practical ramifications regarding the fluid- 
connector problem. First, the stronger of the two metals will retain to a 
great extent its surface profile. Since the weaker material (usually the 
gasket) will deform plastically and fill the spaces between asperities on the 
stronger material, those asperities are "protected" during further deformation 
of the system. Re-use of the sealing surface (the stronger material) is thus 
possible, even in cases where the applied stress has exceeded itis yield stress. 
(In cases where the substructure has been grossly deformed, this is certainly 
not true). 

Secondly, it is illustrated that no matter how high the normal stress, 
the surface deformation is not severe on the stronger material. 
must be concluded that the sealing must be completely accomplished by de- 
formation of the weaker material. 
normal stresses, further deformation will occur at other than the area of 
contact (beneath the surface of the stronger material). 

Hence, it 

It can be shown that even with higher 

The important question arising from the above observations is, "What 
effect does increasing normal stress have on the weaker material?" 
can the weaker material completely mate across the area of contact? 

That is, 

Results of several tests show that the degree of mating, even under 
extremely high stress, is not uniform. Figures 3 6 . 2 8  through 3 6 . 3 4  illustrate 
clearly the non-uniformity of mating. 
aluminum gasket and a radially ground stainless-steel sealing-surface material. 
The phenomenon was not limited to this particular test; however, this test 
illustrates both the non-uniformity (and distribution) of mating and other 
important phenomena occurring in Figure 3 6 . 2 8  through 3 6 . 3 4 ,  the asperities 
running roughly horizontally constitute the pattern of asperities on the 
stainless steel. 
The vertical lines are the asperities machined onto the gasket, and constituted 
the original gasket profile. 
stylus marks originally made on the stainless steel and not originally appearing 
on the gasket material.. 
in Figure 3 7 . 5 .  

The test results shown apply to an 

These asperities were not originally on the aluminum shown. 

The gouge marks shown in the photos are the 

The original directions of asperities are as shown 

FIGURE 3 7 , 5  Surface Profile Directions, Test X I 1  
37-5  
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Upon completion of t he  leakage t e s t ,  t h e  gasket  was removed from t h e  
f i x t u r e  and the photos taken a t  l o c a t i o n s  A and B (F igu re  37.5).  

I n  Figure 36.28, t h e  c e n t r a l  area A i s  shown; and i t  i s  obvious t h a t  
t he  degree of mating i s  ve ry  poor.  The v e r t i c a l  l i n e s  dominate. F igu re  
36.29 shows l o c a t i o n  B ;  and i t  can be seen he re  t h a t  t he  h o r i z o n t a l  l i n e s  
not only dominate, but a r e  the  only p a t t e r n  v i s i b l e  a t  t he  edge. From 
Figs .  36.30 and 36.31, i t  can be e s t ima ted  tha t ,  a t  t he  c e n t e r ,  mating 
occurred over about 40% of the  a r e a  and nea r  t he  edge,from about 65% up t o  
100% a t  t h e  very edge. The i n t e r f e r e n c e  l i n e s  i n  Figures 36.34a and 36.34b 
show t h a t  where mating d id  o c c u r , a t h e d g e  o r  nea r  t h e  c e n t e r ,  the mating 
was t h e  same. (The v a r i a t i o n  i n  i n t e r f e r e n c e  l i n e s  is the  same magnitude). 
I n s p e c t i o n  of t h e  s t a i n l e s s  steel  s u r f a c e  a t  t he  same p o i n t s  showed i d e n t i -  
c a l  f e a t u r e s .  Two important phenomena a r e  seen he re  - each ve ry  i m p o r t a n t i n  
connector design,  

F i r s t ,  i t  can be seen t h a t  t h e  bes t  mating ( s e a l i n g )  does not occur 
a t  t h e  p o i n t  of maximum normal s t r e s s ;  i t  occurs a t  t he  edge, where normal 
stress was minimal. I t  does occur where the  g r e a t e s t  amount of g ross  gas- 
k e t  t r a n s l a t i o n  took p l ace .  I t  can be seen t h a t ,  no matter how hard t h e  
gaske t  i s  pushed v e r t i c a l l y  onto the  s e a l i n g  s u r f a c e ,  i f  t h e  gasket  m a t e r i a l  
i s  contained (as i t  i s  a t  t h e  c e n t e r )  t he  gross  deformation i s  not  l a r g e .  
Th i s ,  t h e o r e t i c a l l y ,  i s  due t o  a l a r g e  h y d r o s t a t i c  c o n d i t i o n  of s t r e s s ,  but  
a s m a l l  s t r e s s  deviator,  ( t h e  p l a s t i c  deformation being p r o p o r t i o n a l  t o  
t h e  s t r e s s  d e v i a t o r ) .  A t  t h e  edge, where no c o n s t r a i n t  i s  a v a i l a b l e ,  t h e  
deformation i s  l a r g e ,  and t h e  mating b e t t e r .  Here the  s t r e s s  l e v e l s  a r e  
less;  however, t h e  s t r e s s  d e v i a t o r  i s  l a r g e ,  and t h e  h y d r o s t a t i c  s t r e s s  
i s  small. 

The phenomenon can a l s o  be explained by viewing the  mating as a func- 
t i o n  of s h e a r  deformation. Where no shea r  deformation a t  s u r f a c e  was 
allowed, t h e  mating was poor.  Where the  s u r f a c e s  " s l i d " ,  one w i t h  r e s p e c t  
t o  the o the r  t h e  mating w a s  good. 

Hence, we conclude t h a t  mating of s u r f a c e s  i s  b e s t  performed not by 
brute-force compression, but by the  shea r  deformation of t h e  s o f t e r  m a t -  
e r ia l .  Hence, geometr ical  c o n f i g u r a t i o n s  which u t i l i z e  s h e a r  deformation 
as t h e  means of s e a l i n g  (such as knife-edge seals) have e x c e l l e n t  p rospec t s  
of success .  

Secondly, t es t  X I 1  (a long wi th  o t h e r  t e s t s )  i l l u s t r a t e s  t h a t ,  even 
though t h e  s t r o n g e r  m a t e r i a l  i n  a 
has a s p e r i t i e s  running i n  the  d i r e c t i o n  of p o t e n t i a l  leakage flow, t h e  
p rospec t s  of o b t a i n i n g  a s u c c e s s f u l  s e a l  a r e  good. I n  t h i s  t e s t  (and o t h e r s )  
ve ry  low leakages were a t t a i n e d .  This  i s  t r u e  because t h e  " h i l l s  and 
v a l l e y s "  of t he  s t r o n g e r  m a t e r i a l  not only a r e  pa ths  f o r  f l u i d  flow, but 
a r e  e x c e l l e n t  pa ths  f o r  p l a s t i c  flow of t h e  gaske t  m a t e r i a l ,  A s  t he  gasket  
flows outward, l i t t l e  geometric r e s i s t a n c e  t o  p l a s t i c  flow a t  t he  i n t e r f a c e  
e x i s t s .  Hence, t h e  mating i s  q u i t e  good, An important c o r o l l a r y  of t h i s  
i s  t h a t  s u r f a c e - f i n i s h  requirements on f l anges  need not  be s o  seve re  i n  

f l a t  annu la r  gasket  geometry connector  



c e r t a i n  cases  i f  t he  phenomenon occuring i s  understood and o f f e r s  t h e  type 
of mating desc r ibed  above. 

37.1.4 Phase I1 Resu l t s  Compared t o  A n a l y t i c a l  P r e d i c t i o n s  

Experimental leakage r a t e  r e s u l t s  can be compared wi th  a n a l y t i c a l  
leakage r a t e s  f o r  given p r e s s u r e  d i f f e r e n t i a l s i n  o rde r  t o  e s t ima te  an average 
leakage p a t h  he igh t  f o r  t h e  experimental  case.(Section 22) 
between i n t e r n a l  p r e s s u r e ,  height  of passage, and leakage r a t e  have been 
p l o t t e d  f o r  an annu la r  passage, 
cons ide r s  t h e  p o s s i b i l i t y ’  of both viscous and molecular flow. No d e v i a t i o n s  
from a uniform p a t h  geometry a r e  considered,  however; whereas i n  t h e  annu la r  
gasket  experiments,  t he  flow paths  a r e  nonuniform. Hence, only the  gross  
dimensions can be compared. However, such an a n a l y s i s  i s  extremely u s e f u l  
f o r  a cross-check w i t h  experimental  r e s u l t s .  Also,  t h e  comparison between 
experimental  r e s u l t s  and t h e s e  p a r t i c u l a r  a n a l y t i c a l  p r e d i c t i o n s  w i l l  be 
u s e f u l  i n  e v a l u a t i n g  the  p o s s i b i l i t y  of d i s r ega rd ing  t h e  d e t a i l s  of t h e  
a c t u a l  flow pa ths  i n  e s t a b l i s h i n g  u s e f u l  design c r i t e r i a .  

Re la t ionsh ips  

The a n a l y s i s  on which t h e  p l o t s  a r e  based 

I n  the  leakage experiments,  he igh t  of gap i s  not  a measured 
q u a n t i t y ;  leakage r a t e  and p r e s s u r e  d i f f e r e n t i a l  a r e  known q u a n t i t i e s .  A t  
t h e  t e rmina l  s t a t e  of gasket  deformation (maintained during Phase I I ) ,  t h e  
i n t e r n a l  p r e s s u r e  i s  v a r i e d ,  and t h e  leakage recorded,  Hence, assuming 
t h a t  t h e  gap he igh t  (whatever i t s  geometry) i s  cons t an t  during t h i s  phase,  
we can superpose t h e  experimental  Phase I1 d a t a  f o r  a given t e s t  on a pre- 
d i c t e d  p l o t .  I n  accomplishing t h i s ,  t he  experimental  leakage r a t e  and in-  
t e r n a l  p r e s s u r e  w i l l  be p l o t t e d .  The r e s u l t a n t  equ iva len t  he igh t  (and t h e  
v a r i a t i o n  t h e r e o f )  w i l l  be noted.  I f  the a n a l y t i c a l  graph were t o  ag ree  
w i t h  t h e  t e s t  r e s u l t s  completely,  then t h i s  p l o t  would be a v e r t i c a l  l i n e ,  

When a va lue  of h,  now an equ iva len t  gap he igh t ,  i s  found by the  
above m e a n s ,  an e v a l u a t i o n  of t he  reasonableness  of such a f i g u r e  can be 
gained by i n s p e c t i o n  of the i n t e r f e r e n c e  photomicrographs taken of t h e  gas- 
k e t  a f t e r  t he  completion of t h e  t e s t s .  

Since t h e  experimental  r e s u l t s  encompass l eaks  through two 
i d e n t i c a l  passages (above and below t h e  g a s k e t ) ,  t h e  t o t a l  experimental  
leakage ra te  must be d iv ided  by two. The graphs i n c o r p o r a t e  t h i s  c o r r e c t i o n .  

I n  t h i s  s e c t i o n ,  comparisons of a n a l y t i c a l l y  p r e d i c t e d  leakages 
and experimental ly  gained leaitages a r e  made f o r  each type s u r f a c e  f i n i s h ,  
Extensions of leakage p r e d i c t i o n  graphs from S e c t i o n  22 f o r  extremely low 
va lues  of h a r e  reproduced; t he  t r a c e s  have been c o r r e c t e d  f o r  t h e  expe r i -  
mental nominal gasket  dimensions and f o r  a z e r o v a l u e  of e x t e r n a l  p r e s s u r e .  
A l l -  Phase I1 d a t a  which followed continuous curves have been p l o t t e d .  

Observing t h e  shape and d i r e c t i o n  of  t h e  experimental  l i n e s  on 
t h e  a n a l y t i c a l  p r e d i c t i o n s ,  one s e e s  t h a t  the l i n e s  n e a r e s t  t o  t he  v e r t i c a l  
a r e  those  f o r  diamond burnished su r faces ,  FXg, 37.6.  The l i n e s  f o r  t he  
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f i n e  c i r c u m f e r e n t i a l  machined s u r f a c e  t e s t s  (F ig .  3 7 . 8 )  and the  r a d i a l l y  
ground s u r f a c e  (F ig .  3 7 . 7 )  t e s t s  d e v i a t e  from t h e  v e r t i c a l  by a l a r g e  amount. 
The coa r se  c i r c u m f e r e n t i a l  machined s u r f a c e  t e s t  (F ig .  3 7 . 9 )  y i e l d s  near- 
v e r t i c a l  l i n e s ,  and another  means has t o  be used t o  e s t i m a t e  t h e i r  v a l i d i t y .  

The va lue  of h (gap between s u r f a c e s )  f o r  t he  diamond burnished 
cases  range from about 0 . 0 3  micro-inch t o  0 . 3  micro-inch. I n  o rde r  t o  
e s t a b l i s h  whether t hese  a r e  reasonable  values  of an equ iva len t  gap h e i g h t ,  
one can i n s p e c t  photos of t he  mated s u r f a c e s  used during t h e s e  t e s t s .  

The matching s u r f a c e s  of both tes t s  X and XV a r e  shown i n  F i g s .  
3 6 . 2 0 ,  3 6 . 2 1 ,  3 6 . 2 4 ,  and 3 6 . 2 5 .  From the  i n t e r f e r e n c e  l i n e  p a t t e r n  i n  F ig .  
3 6 . 2 0  ( s t a i n l e s s  s t e e l  s u r f a c e ,  Tes t  X) i t  can be seen t h a t  t he  grooves i n  
t h e  s u r f a c e  a r e  about 8 micro-inches deep a t  most. From F igure  3 6 . 2 1  ( t h e  
n i c k e l  gaske t ,  T e s t  X ) ,  i t  can be seen t h a t  t h e  mating i s  l o c a l  a long t h e  
peaks of t he  a s p e r i t i e s  e x i s t i n g  o r i g i n a l l y  on t h e  gaske t ,  I t  i s  a l s o  seen 
from the  un i fo rmi ty  of i n t e r f e r e n c e  l i n e s  on t h e  deformed peaks.  t h a t  t he  
mating was e x c e l l e n t  a t  those p o i n t s .  However, no. evidence e x i s t s  of t he  
n i c k e l  deformation being such as t o  f i l l  t he  grooves i n  t h e  s t e e l .  Also 
noted i s  t h a t ,  s i n c e  t h e  mating i s  l o c a l  (a long concen t r i c  rings), t he  
concept of a p a t h  l e n g t h  being equa l  t o  the  gasket  width does not  hold t r u e .  
A t  b e s t ,  t h e  comparison between experiment and theory i n  t h i s  ca se  holds 
t r u e  l o c a l l y ,  but not a c r o s s  the  gasket  width,  For such l o c a l  a r e a s  of 
c o n t a c t ,  ano the r  path- length parameter equal  t o  the  sum of the  widths of 
each l i n e  of c o n t a c t  could be used; however, t h i s  would be of l i m i t e d  use 
i n  p r e d i c t i o n  of leaks s i n c e ,  un le s s  t he  equ iva len t  width could be measured 
i n  advance, no meaningful r e s u l t s  could be a t t a i n e d .  F igu res  36 .24  and 
3 6 . 2 5  ( T e s t  XV, copper gasket  - aluminum s e a l i n g  s u r f a c e )  y i e l d  more mean- 
i n g f u l  d a t a ,  i n  t h a t  t he  mating occurred over more of t he  t o t a l  a r e a  - 
a g a i n . i n  c o n c e n t r i c  r i n g s .  Also,  even the  most minor grooves and p i t s  ex- 
i s t i n g  on t h e  s e a l i n g  s u r f a c e  (Fig.  3 6 . 2 4 )  show up on the  mated p o r t i o n s  
of t h e  copper (F igu re  3 6 . 2 5 ) .  Here, where t h e  va lue  of p a t h  l eng th  can be 
evaluated as being not more than 50% in error (one half of total area 
mated), the a n a l y t i c a l  p r e d i c t i o n s  o f f e r  a more a c c u r a t e  model. I t  i s  noted 
t h a t  t h e  va lue  of an equ iva len t  h of l e s s  than one micro-inch i s  a t  l e a s t  
reasonable  (from the  photos) over t he  mated a r e a .  Thus, f o r  t he  combina- 
t i o n  of smooth s e a l i n g  s u r f a c e s  and s o f t  g a s k e t s ,  t h e  a n a l y t i c a l  p r e d i c t i o n s  
a r e  q u i t e  good. I f  a va lue  of h can be p r e d i c t e d  f o r  a s t r o n g  smooth f l ange  
and s o f t  metal  gasket  under a given load,  then t h e  leakage can be p r e d i c t e d  
w e l l  by t h e  a n a l y s i s  of s e c t i o n  2 2 .  

For the  coarse  machined s u r f a c e  f i n i s h ,  t he  mating w a s  accomplished 
only l o c a l l y  and i n  non-uniform p a t t e r n s ;  hence, t he  a n a l y t i c a l  model does 
no t  apply . 
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FIGURE 3 7 . 7  
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FIGURE 3 7 . 8  LEAKAGE RATE FOR HELIUM AT 2OoC FOR AN ANNULAR 
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FIGURE 37 .9  
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37.1.5 Evaluation of Phase I Leakage (Figures 36.6-36.9) 

During Phase I, the two parameters varied from test to test were 
surface finish and gasket material, In order that a comparison of materials 
could be made, the stress level at each stage was divided by the yield 
strength of the gasket material. Two such yield strengths were used; the 
first is that measured from a tensile test (and would constitute a pure 
material property known by the test), and the second is the stress level at 
which gross yielding occurred during the leakage experiment. This, of 
course, is also a function not only of the material properties but also of 
the geometry of the gasket and the friction at the interface between gasket 
and sealing surface. 

Comparing curve shapes for all tests conducted, it becomes apparent 
that surface finish has a larger role than the deformation properties of 
the materials. It can be said, in general, that traces for a given surface 
finish are similar in shape regardless of the gasket material used. 

Diamond burnished surface tests yield curves similar to those 
hypothesized in Section 32.2 for the five regimes of flow. During the very 
early stages, little reduction of leakage is noted. A s  the asperities 
begin to deform plastically, the leakage decreases rapidly. A s  bulk flow 
begins and hinders further deformation at the interface, the leakage de- 
creases at a slower rate. Finally, in most cases, the leakage decreases more 
rapidly as the bulk flow of gasket material causes a good seal at the gasket 
edge. The radially ground surface tests showed a sudden and transient 
increase in leakage rate during the test as is explained in Section 37.1.8. 
The fine machined surfaces show an exponential decay in leakage during this 
phase. The coarse machined tests displayed no consistent pattern. Post- 
test inspection of the mated surfaces showed that in the coarse machined 
cases, the mating was very localized along asperity peaks with only a small 
amount of the total area mated. This was true to a lesser extent for the 
fine machined case. 

When the yield-strength data f r o m  tensile tests were used as a 
normalizing factor, the spread in curves for a given surface finish was 
great. However, when the compressive yield stress as determined during the 
leak tests was used, the curves become much closer in all cases, and the 
following statements can be made: 

(1) For the diamond burnished surface tests the leakage rate 
reached 10-6 atm cc/sec by the time 1.6 times the yield 
stress was reached for all cases. The steepest slope of 
the leakage stress curve occurred at stress levels of about 
.25 times the yield stress. 

(2) For the radially ground case, the sudden increase in leakage 
rate occurred between 1.25 and 1.5 times the yield strength. 
Sealing to the degree of 10-6 atm cc/sec was attained in all 
cases by a stress level of 2.1 times the yield strength. 
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(3) For the fine machined surface, the sealing occurred at about 
the yield stress in two cases, and at 1.30 times the yield 
stress in another.. 

(4) Again, the coarse machining surface tests yielded wide 
scatter, two tests sealing at about 1 , 7  times the yield 
stress and one at about 5 times the yield stress. 

Thus, in all cases except for one coarse machined surface case, 
sealing to 10-6 atm cc/sec was attained by the time the stress level was equal 
to ' 2.1 times the yield stress. Thus twice the yield stress (where the 
yield stress is identified as the point of initiation of bulk yielding of 
the gasket) appears to be a reasonable minimum value of stress for general 
flat annular gasket use. 

37.1.6 Evaluation of Phase I1 Leakage (Figures 36.10-36,13) 

The meaningful information found in Phase I1 is the sensitivity of 
the leakage to internal pressure. Can data gained at a one-atmosphere 
pressure differential be used when the pressure is increased? 

Results show that the lead and indium (soft metals) are very in- 
sensitive to pressure, regardless of surfaces used. The most sensitive is 
the radially ground surface. 
cannot be determined from the tests concluded. One important fact shown in 
Phase I1 is that the curves are generally smooth, indicating that a 
solid mating has been attained, and no "blowout" occurred during the test. 
The conclusion gained from this phase is that insensitivity to pressure can 
only be assured when very soft gaskets are utilized. 

Whether the leak was molecular or viscous 

Loads found from Phase I for small leakages must be increased to 
insure sealing at higher internal pressures. However, it was noted on 
several tests that the increase of  load at the close of Phase I1 to cause 
the leak to drop was not too great, never an increment more than 0 . 2 5  times 
the yield stress. 

37.1.7 Evaluation of Phase I11 Leakage (Figures36.14-36.17) 

A very important consideration in any connector is what happens 
when the initial sealing stress decreases. Will the seal open? Phase I11 
results largely answer this question. From the graphs showing leakage as 
a result of decreasing load, it can be concluded that 

(1) If a very soft gasket is used, and mating is nearly completed 
over the apparent area (large lastic deformations), the 

of stress. 
connector will be almost complete E-r, y insensitive to reduction 

(2) As the gasket material becomes stronger, and the deformation 
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is, to a great degree,elastic, the seal will be very sen- 
sitive to loss of stress. 

(3) The coarse surface finish tests, where sealing occurred only 
at points, show that the seal is extremely sensitive. 

( 4 )  For smooth surfaces, the sensitivity is less. 

The most important factor is the amount of plastic flow in the system 
at the time. If the plastic flow is the factor governing leakage, then the 
seal will be generally insensitive. 
disparity in material strengths or by surface geometry. 

The plastic flow can be caused by the 

37.1.8 Comparison Between Experimental Results and Analytical Passage 
Height Predictions 

In the experiments, no length measurements on the passage height 
existing between mated surfaces were made directly. However, if an equivalent 
passage is an adequate parameter to help define the flow through whatever 
interface gap exists between gasket and sealing surface, then the flow through 
the passage will be proportional to the cube of the equivalent height if the 
flow is viscous or proportional to the square of the equivalent height if 
the flow is molecular (Section 22) .  Hence, if the rate of leakage flow 
through a passage were known accurately, then with a knowledge of pressure 
differential, path length, arid path width, one could calculate the passage 
height, Moreover, if the leakage rate were monitored for various stresses 
applied to the gasket while other parameters remained fixed, then the equivalent 
passage height could be determined as a function of stress. Phase I of the 
leakage experiments accomplishes such a measurement. If an equivalent 
passage height is an adequate parameter to describe the phenomenon, then 
the curve of leakage vs. normal stress should be of the same shape as a 
curve defining h2 or h3 as a function of normal stress, depending on whether 
the flow is molecular or viscous (Sec. 33.3). 

The analysis of Section 33, using a statistical model of the surface 
profiles of the mated materials, leads to a prediction of an equivalent 
passage height as a function of normal stress for various material strain- 
hardening characteristics. The prediction is illustrated graphically in 
Fig. 33.9. 
33, the cube of equivalent height (he) divided by a height hr, descriptive 
of the original surface finishes of both mated surfaces. A s  noted in 
Section 33.3, these curves apply only for viscous flow; for molecular flow, 
the ordinates of the curves would differ, though their general shapes would 
remain the same. 

The ordinate of the graph, (he/hr)3, is, as outlined in Section 

Comparison between Fig. 33.9 and the experimental leakage curves, 
Figs. 36.6 through 36.9, shows that the shapes of most of the experimental 
curves are in general agreement with the calculated curve for zero strain 
hardening. However, the experimental curves show that the stress required 
for complete sealing is less than the three times the yield stress predicted 

- 
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by the calculations. This discrepancy appears to be due to a combination 
of two factors : 

1. The compressive yield stress, S, as determined during the 
leak test (Section 32) is higher than the initial compressive 
yield stress Yo (Sec. 33.4). The stress S includes the effect 
of lateral containment, and by measuring S as the 0.2% compressive 
yield stress, some strain-hardening effect may be included. 

2. The mutual interaction of asperities and the nonuniformity af 
sealing over the seal surface evidently cause complete sealing 
at a lower stress level than that predicted by the analysis which 
neglects these effects. 

This comparison suggests that for most of the tests, the mutual interaction of 
asperities, which is beneficial for sealing, more than offsets the adverse 
effect of strain hardening. While the experimental curves were for flow 
in the molecular range, whereas the analytical curve was calculated for flows 
in the viscous range, this difference does not change the basic conclusions. 
A few of the experimental curves - for example, those for diamond-burnished 
copper (Fig. 3 6 . 6 )  and coarse machined aluminum (Fig. 3 6 . 9 )  - appear to show 
some strain-hardening effect. 

For the calculated curve with zero strain hardening (Fig. 3 3 . 9 ) ,  the 
inflection point comes when the stress is half of the stress needed for 
complete sealing (i.e., when the stress is 1.5 times the initial yield point) 
and when he is slightly smaller than hr. (For pure molecular flow, it can 
be shown that he would be exactly equal to hr at this point.) 
points were discernible in the experimental tests for some of the diamond- 
burnished surfaces (Fig. 36 .6 )  and some of the radially ground surfaces 
(Fig. 3 6 . 7 ) .  For the circumferentially machined surfaces (Figs. 36.8 and 
3 6 . 9 ) ,  the inflection points were less well defined. The leakage value at 
the inflection point, when converted to an equivalent passage height (Figs. 
3 7 . 6  through 3 7 . 9 ) ,  give an indication of the rms passage height taken 
perDendiculay .$.Q fiecti 'mpf flox. To see whether these predictions 
may be reasonable, Table 3 7 . 1  has been compiled. 

Inflection 

TABLE 3 7 . 1  Comparison of Passage Height Values 
Gasket materials: high-purity aluminum, copper, nickel 
Sealing surfaces: stainless steel, aluminum 

Type of finish 
on sealing surface 

Diamond burnished 

Radially ground 

Fine machined 

Coarse machined 

Experimentallv measured h, h- estimated from 
Along 
direct ion 
of flow 
micro- inches 

30 

30 

104 

310 

I L 
Across inflection points of 
direction flow vs stress curves 
of flow (across direction of flow) 
micro- inches micro- inches 

- 1 to 3 

50 1.5 to 2 
I 3 to 10 

10 
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For the circumferentially machined gaskets mating with diamond 
burnished and circumferentially machined sealing surfaces, it seems plausible 
that the rms surface finish along the asperities could be 3% to 10% of the 
rms surface finish across the asperities, so the concept of an equivalent 
passage height seems reasonable. For the circumferentially machined gaskets 
mating with radially ground sealing surfaces, the mating action is evidently 
localized, as shown by the photomicrographs of Figs. 3 6 . 2 8  to 3 6 . 3 4 ,  and 
the concept of an equivalent passage height does not apply. 

That the radially ground case does not compare favorably is not 
surprising. 
mechanisms. 
at the edges of the gaskets, it is noted immediately that for low stress 
levels, the only sealing in radially ground surfaces occurs at the edges 
(due to the natural fluid flow paths in the surface profile). A s  the stress 
level rises initially, the sealing improves; however, at the stress level at 
which gross gasket flow is initiated, the gasket material at the edge moves 
"suddenly" with respect to the sealing surface; thus breaking temporarily 
the seal which existed. A s  the material flows further, the added plastic 
deformation causes the system to reseal. 
seal and resealing shows clearly in three cases, and is evident upon close 
inspection in two other cases (Fig. 3 6 . 7 ) .  

The phenomenon involved differs somewhat from the other sealing 
Since observations in all cases show that the best sealing occurs 

The phenomenon of breaking the 
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37.2 Experim@ntalervations for Plastic Gaskets 

37.2,P Experimental Gasket Deformations 

Post-leak-test observations of the deformed gaskets show that the 
material deforms inwardly and outwardly by the same amount, This is true because 
the pressure difference across the seal was held to one atmosphere during the 
initial gasket Boading phase of the test, The flange materials have a much 
higher yield stress than the gasket materials and appear as rigid bodies during 
the test. Therefore, the deformation of the plastic gaskets was a plane strain 
phenomeno:i. 

Accurate knowledge of  the gasket surface area is necessary to predict 
the gasket stress at any load durirrg rest. This was ackoinplished by assuming 
a camtant voiune coqression of the gasket and monitoring the thickness during 
the t e s t ,  The initial and fixral measurements of the gasket volume indicated 
that a constant volume compression was the ease. The Duroid-5600 gasket was 
the only material to exhibit a lower final volume which was due to the large 
number of voids evident in this material. 

A I 1  the plastic gaskets exhibited same cold flow, This was noted to 
be a minirwln f o r  KEL-F81 and very pronounced for Teflon-TFE and FEP. This 
effect was not investigated quantitatively as it had no measurable effect on 
the interface sealing, An increase in gasket load would be followed by a slow 
settling process of varying degrees for each material. 
about as fast as tie load application. 
leakage after this initial change due primarily to the increased interface 
area as the gasket settled. The leakage and gasket deflection measurements for 
each load would be taken after a sufficient delay so that no more measurable 
deflection of the gasket occurred. 

The leakage would respond 
There would be some small change in 

37.2.2 Gasket Interface Phenomenon 

In all tests the plastic gaskets were subject to large plastic 
deformations. As in the ease o f  metal gaskets the surfaces initially in 
contact remained in contact and bulk flow occurred radially in and out from 
the eeir,ter thickness of the gasket. These gaskets deformed in the flow mode 
illustrated in Figure 37,l. 
was Taflon-TPE in test P-9 when mated with a diamond burnished finish. Teflon 
has a very low coefficient of friction (p = .043 and was mated with a very smooth 
surface so that there was relatively little resistance to sliding at the gasket 
interface. During the teat with the gasket sgbject to internal pressure the 
leakage was noted t o  increase very slowly at a constant gasket load until 
suddenly the gasket ruptured, as illustrated in Figure 36,46. The slow change 
in leakage was indicative of cold flow of the Teflon in the radial direction. 
The gasket literally expanded and ruptured like a balloon. In cases where there 
is inadequate friction to prevent sliding at the gasket interface some other 
form of constrain must be used to prevent blow-out, This is especially true 
for gasket, materials such as Teflon-TFE which exhibit cold flow. 

The one notable exception to this mode of deformation 

A measure of  the friction effect at the interface can be obtained for 
the various surface finishes used in these tests by comparing the yield-stress 
values for each gasket material as a function of the mating surface. As expected, 



t h e  rougher s u r f a c e  c o n s t r a i n s  t h e  gasket  more, and i n c r e a s e s  i t s  y i e l d  stress. 

37.2.3 Surface R e p l i c a t i o n  

Examination of t h e  p l a s t i c  gaske t s  a f t e r  test i n d i c a t e s  t h a t  extremely 
good r e p l i c a t i o n  o f  t h e  mating f l a n g e  s u r f a c e  was ob ta ined .  
through 36.51 show KEL-F81 be fo re  and a f t e r  tests on each  mating s u r f a c e .  
F igu re  36.51 should be compared w i t h  t h e  r a d i a l l y  machined s u r f a c e  p r o f i l e  i n  
Figure 3 6 . 3 6 ;  however, they a r e  a t  d i f f e r e n t  magn i f i ca t ions  on t h e  v e r t i c a l  
s c a l e .  
f i n i s h  of Figure 36.37 which i s  a t  t h e  same magn i f i ca t ion .  
mating shown i n  t h e s e  p r o f i l e  t r a c e s  i s  t y p i c a l  of t h e  o t h e r  gaske t  m a t e r i a l s  
t e s t e d  , 

Figures  36.48 

Figure 36.50 should be compared wi th  t h e  diamond burnished s u r f a c e  
The h i g h  degree of 

Duroid 5600 i s  t h e  one m a t e r i a l  which d i d  n o t  show good ma t ing ;  t h i s  i s  
probably due t o  i t s  ceramic f i b e r  i n s e r t s .  Figure 36.52 a t  low magn i f i ca t ion  
shows t h e  ve ry  rough s u r f a c e  be fo re  test. Figure 36.53 showing Duroid a f t e r  
mating w i t h  t h e  c i r c u m f e r e n t i a l  machined s u r f a c e  should be compared wi th  
F igu re  36.36. This comparison shows t h a t  t he  a s p e r i t i e s  on t h e  Duroid are 
n o t  as uniform as those  on t h e  machined f l ange  s u r f a c e  so t h a t  mating was n o t  
complete. During t h i s  t es t  t h e  nominal gasket  stress was r a i s e d  t o  approximately 
s i x  times t h e  y i e l d  s t r e s s  (which i s  a c t u a l l y  t h e  y i e l d  stress of t h e  t e f l o n  
f i l l e r )  and t h e  leakage was reduced on ly  t o  2 x 10-5 atm cc/sece The s e a l  w a s  
s e n s i t i v e  t o  i n t e r n a l  p r e s s u r e  and removal of l oad ,g iv ing  f u r t h e r  i n d i c a t i o n s  
t h a t  mating was not  complete and t h a t  vo ids  were p r e s e n t .  

The degree o f  mating appears  t o  be independent of l o c a t i o n  on the  
g a s k e t .  I n  g e n e r a l  t h e  i n t e r f a c e  s e a l i n g  necessary t o  s t o p  leakage was 
ob ta ined  a t  a ve ry  low va lue  o f  nominal stress. These two obse rva t ions  
i n d i c a t e  t h a t  t h e  mechanism by which p l a s t i c s  conform t o  t h e  mating s u r f a c e  
d i f f e r s  g r e a t l y  from t h a t  d i scussed  f o r  metal  gaske t s .  P l a s t i c s  a r e  v i sco -  
e l a s t i c  substances so t h a t  flow of t h e  gasket  m a t e r i a l  i n t o  t h e  spaces  between 
t h e  a s p e r i t i e s  i s  ob ta ined  wi thou t  exceeding the - y i e l d  stress of t h e  e las t ic  
s t a t e .  P r o f i l e  t r a c i n g s  have been recorded a f t e r  t h e  tes t  of t h e  p l a s t i c  
gaske t s  i n  which t h e  y i e l d  stress of t h e  material  w a s  not  exceeded and hence 
t h e r e  were no gaske t  bulk deformations.  These p r o f i l e  t r a c i n g s  aga in  showed 
a h igh  degree of mating. 

There seems t o  be a s t a t e  of p l a s t i c  deformation r e t a i n e d  a t  t h e  mated 
s u r f a c e  due t o  t h e  v i scous  n a t u r e  o f  t h e  p l a s t i c  material  r a t h e r ' t h a n  t o  p l a s t i c  
deformation o f  t h e  e l a s t i c  s t a t e .  

37.2.4 Evaluat ion of Phase I Leakage (Figures 36.34 - 36.43) 

During Phase I, t h e  two parameters  v a r i e d  from test t o  t es t  were s u r f a c e  
f i n i s h  and gasket  material. I n  o r d e r  t h a t  a comparison could be made between 
m a t e r i a l s , t h e  nominal gaske t  stress was  d iv ided  by t h e  0.2% compressive y i e l d  
stress of each material .  The y i e l d  stress used was  t h e  v a l u e  ob ta ined  from 
each l e a k  test  and r e p r e s e n t s  g r o s s  deformations du r ing  t h e  leakage experiment.  
This v a l u e  inc ludes  t h e  test  geometry, i n t e r f a c e  f r i c t i o n  and material  p r o p e r t y  
e f f e c t s  . 
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The Phase I results shown in Figures 36.39 to 36.42 compare the 
three surface finishes for the same gasket material. 
indicate that interface sealing is independent of surface finish. Figure 
36.43 shows that all gasket materials except Duroid-5600 on the same surface 
finish seal to about 10-6 atm cc/sec at 0.3 to 0.5 normalized yield stress. 
The Duroid-5600 leaked at a stress level of about 6 times the yield stress of 
the teflon filler material. This is due to a combination of poor interface 
sealing caused by the hard ceramic fiber inserts and permeation through the 
material due to its large void content. Examination of its surface after 
the test showed that the interface mating was poor. (Figure 36.53) 

These figures all 

The KEL-F81, Saran, Teflon-FEP and Teflon-TFE all sealed to a measurable 
low leak atm cc/sec) independent of material and surface finish. Sealing 
was obtained without bulk deformation of the gasket as it occurred very much 
below the yield stress of each material. The normalized stress level necessary 
to induce viscous flow into the areas between the sealing surface asperities 
is the same for all materials and surface finishes. It must be noted that 
the absolute stress level needed for sealing is not independent of surface 
finish since the yield stress used in normalizing varies for each surface 
finish with the same material (See Table 34.7). This does indicate that the 
yield stress for each gasket configuration is an excellent parameter for 
normalizing leakage data. 

The Phase I leakage values appeared to level off and become almost 
independent of gasket stress after the initial leakage decay. The value of 
this terminal leakage differs for each material (Figure 36.43) but is independent 
of surface finish. The sensitive mass spectrometer at this point is measuring 
permeation flow of helium through the gasket material. 
each material as presented in Table 34.6 will be used to compare the terminal 
leakage measured with that expected by permeation for the gasket geometry, 
pressure level and gas-material combination. The values of permeation rate 
presented in Table 34.6 are for various listed gases at room temperature. The 
values presented in this section include a factor which relates the flow of 
helium through the material to the listed gas, and is based on private conver- 
sations with Dr. F . J .  Norton". These approximations are necessary due to the 
sparsity of data on permeation and will suffice to get an order of magnitude 
check on the leakage. The leakage due to permeation is evaluated as follows 
and the results are presented in Table 37.1. 

The permeation rates for 

Leakage Q = PA $(cc/sec) 

where: P = permeation rate, 
3 cm - mm 

sec cm2 - atm 
2 A = normal flow area, cm 

L = length of flow path, mm 
Ap = pressure causing leakage, atm 

* 
Dr. F.J. Norton - General Electric Research Laboratory (See also Sec. 23) 
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Gasket: 0,06" thick, 0.125" wide 

1,187 '  nomirial diameter 

Pressure: 1 atm pressure difference O ~ ~ ~ O I I  f 

across gasket L 

FIGURE 37.10 Gasket Configuration 

For the gasket geometry and pressure level in these tests we get 

Q = -282  P 

The value of the leak for each gasket material is tabulated below. 

TABLE 37.1 Permeation Leakage Comarison 

Material Permeation Rate Calculated Me a sur e d 
for Helium Leakage Leakage 

atm cc/sec atm cc/sec 
1.5 KEL-F81 2 x 5.6 x 

Saran 1 x 2.8 x 1.0 x lo-* 

2 Teflon- FFP 
Teflon- TFE 
Duraid no t ava i 1 ab le 

5.6 5.3 x 10;; 
1.0 x 10 

The order of magnitude of the measured terminal leak is the same as that 
expected by permeation. The permeation rate for JCEL-F81 appears high especially 
in view of information in Reference 4 of thisSectio'n 
of permeation through plastics is presented there,listing in order of  increasing 
permeation rate: Saran, KEL-F81 and Teflon. This is the trend noted in the 
leakage results of these tests. 

A qualitative discussion 

It is concluded that during Phase I all plastic gaskets seal at the 
interface at about 0.4 normalized stress independent of surface finish. The 
leakage remaining is independent of further gasket loading and is a measure 
of permeation through the gasket material. 
leak here is low,it may become significant for gaskets with a larger flow- 
area-to-flow-path-length ratio or for higher internal pressures. 

Although the level of the permeation 

37.2.5 Evaluation of Phase I1 Leakage (Figure 36.44) 

During Phase I1 the internal pressure on the gasket was gradually 
increased to record the sensitivity of the seal to internal pressure. The 
plot of Figure 36.44 is truely representative of the results obtained for 
all gaskets (except Duroid-5600) on all surface finishes. The insensitivity 
to internal pressure is another good indication of excellent mating at the 
interface. Duroid-5600 was very sensitive to pressure,which is again due to 
poor mating at the interface. 
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A s  the pressure was gradually increased,the leakage remained at the 
permeation level recorded at the end of  Phase I. Permeation did not increase 
with internal pressure because this phase of the test was run in a relatively 
short time compared to the time response of the diffusion process. A long- 
time test run on silicomebber gasket material indicated that the time constant 
for permeation with a fast change in internal pressure is approximately one 
hour. The response time of  leakage through holes at the seal interface is very 
fast,so that the results of Phase I1 indicate the insensitivity of the interface - seal to internal pressure. 

37.2.6 Evaluation of Phase I11 Results (Figures 36.45 - 36.47) 
Phase I11 results show the insensitivity of most of the plastic 

gaskets to removal of normal stress. Duroid-5600 is again sensitive due to 
the poor mating at the interface. Teflon-TFE shows sensitivity to removal of 
stress,probably due to its marked tendency to cold flow. 
P-9 with Teflon-TFE on a diamond burnish finish,the gasket showed cold flow in 
the radial direction due to internal pressure until the gasket ruptured. 

In particular,test 

Other plastic gaskets were insensitive to the removal of normal stress, 
indicating that good mating was obtained at the interface consisting of plastic 
rather than elastic deformations. 
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37.3 Elastomer Gaskets 

37.3.1 Experimental Results - Phase I 
As outlined in Section 36.3 the experimental procedure for elastomer 

gaskets was limited by the test a paratus. The Viton-A, Neoprene and 
Hypalon gaskets all sealed to 10-1 cc/sec (the sensitivity of the mass 
spectrometer) with a nominal gasket stress of 575 psi. This was the value 
of stress caused by the initial load when a vacuum was drawn on the test 
apparatus. This sealing was the same for each material and surface finish 
tested. 

Silicone rubber demonstrated a low value of leak which was independent 
of normal gasket stress and surface finish, as shown in Figure 36.54. 
Silkom rubber sealed at the interface, as did the other elastomers, during 
the application of the vacuum load. The leak recorded was permeation through 
the silioone material as verified by experimental observations and a calculation 
of expected permeation rate similar to that comparison for plastic gaskets. 
Sudden changes in internal gasket pressure caused only very slow changes in 
measured leakage rate, taking over one hour to reach a steady-state leakage 
at the new pressure. This response time is characteristic of a permeation 
process as compared to the very fast response time for flow through holes 
at an interface. The steady-state leakage rate was also a linear function of 
the internal gasket pressure, which is characteristic of a diffusion process. 
The calculation for the permeation leakage based on the permeation rates 
given in Table 34.10 with oorrections for helium gas fallows: 

TABLE 37.2 Elastomer Permeation Rates 
(Based on Section 37.2,4) 

Elastomer Material Permeation Rate Calculated Leakage Measured Leakage 
for Helium atm cc/sec atm cc/sec 
cm - mm 

sec cm2 atm 

3 

S i 1 icone 4.0 10'~ 1.13 1.3 x loe6 

Neoprene .6 x lo-' 1.69 x lom8 1.0 x 

The measured leakage is lower than the calculated leakage for silicon 
due to some extent to the stress level in the test gasket. 
of the permeation rate appears high in comparison with other data, especially 
since it is from the same source as the abnormally high leakage data for 
KEL-F81 (See Section 37.2.4). An order-of-magnitude verification that the 
measured leakage was permeated through the material is thus obtained. 

Also the value 

145 
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37.3.2 Experimental R e s u l t s  - Phase I1 and Phase I11 

The procedure on t e s t s  e x h i b i t i n g  s e a l i n g  duringthe a p p l i c a t i o n  of 
t h e  i n i t i a l  vacuum load was t o  i n c r e a s e  the  i n t e r n a l  p r e s s u r e  on t h e  gaske t  
t o  t r y  t o  break t h e  s e a l ,  There was a l i m i t  on t h e  i n t e r n a l  p r e s s u r e  as i t  
would produce a fo rce  t o  a c t  a g a i n s t  t h e  testing-machine load which s t r e s s e d  
t h e  gaske t .  I t  w a s  t h e r e f o r e  p o s s i b l e  t o  approach t h e  case  of zero normal 
s t r e s s  on t h e  g a s k e t .  When t h i s  was done,a c a t a s t r o p h i c  blow-out would 
occur a t  t he  s u r f a c e  of t h e  gaske t  ( t h e  gasket  would not r u p t u r e ) .  There 
was no g radua l  i n c r e a s e  i n  leakage as t h e  p r e s s u r e  w a s  i nc reased .  This  
i n d i c a t e d  t h a t  a ve ry  good r e p l i c a t i o n  of t he  mating s u r f a c e  had been made 
by t h e  elastomer gaske t .  

When t h e  i n t e r n a l  p r e s s u r e  was inc reased  on t h e  si l icone gaske t , t he  
leakage would g r a d u a l l y  i n c r e a s e  wi th  a response time of over one hour.  The 
i n t e r n a l  p r e s s u r e  and s t e a d y - s t a t e  leakage were l i n e a r l y  r e l a t e d  a s  evi-  
denced by t h e  fol lowing d a t a  from t e s t  E - 7  a t  a cons t an t  gasket  s t r e s s  l e v e l  
of 1600 p s i  

Gasket P res su re  Di f f e rence  

14.7 

250 

500 

Le a kag e 
c c l s e c  

1 . 3  x 

2 . 5  

3.9 

Thesedata show, t h a t  l a r g e  va lues  of l eak  might be ob ta ined  wi th  a gasket  
wit-h a w i d e r  permeation flow p a t h  o r  s h o r t e r  flow-path l e n g t h  o r  w i th  
higher  i n t e r n a l  p r e s s u r e s .  

37 .3 .3  Sur face  Mating 

Q u a l i t a t i v e  examination o f  the s u r f a c e s  of t h e  rubber gaske t s  a f t e r  
t es t  us ing  a “Talysurf“  p ro f i lome te r  i n d i c a t e d  poor r e p l i c a t i o n .  
t h e  leakage r e s u l t s  conc lus ive ly  showed t h a t  e x c e l l e n t  mating must have 
occurred.  This mating w a s  e l a s t i c  i n  n a t u r e  and hence the  s u r f a c e  rebounded 
a f t e r  removal of t h e  t e s t  load and prevented mon i to r ing ,o f  s u r f a c e  repl ic-’’  
The elastomer m a t e r i a l s  a r e  so  s o f t  t h a t  l a r g e  e l a s t i c  deformcqtions a r e  
p o s s i b l e  wi th  a ve ry  low s t r e s s  l e v e l .  
compliance s e a l e d  p r i m a r i l y  by e l a s t i c , n o t  p l a s t i c , d e f o r m a t i o n .  

However, 

The rubber gaske t s  w i th  t h e i r  g r e a t  

1.46 
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